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ABSTRACT	  
	  
	  
	  
The	  binding	  free	  energy	  is	  one	  of	  the	  most	  important	  and	  desired	  thermodynamic	  properties	  in	  simulations	  
of	  biological	  systems.	  The	  propensity	  of	  small	  molecules	  binding	  to	  macromolecules	  of	  human	  bio-­‐substrates	  
regulates	   their	   sub-­‐cellular	   disposition.	   This	   subject	   is	   fundamental	   in	   transdermal	   permeation	   and	   hair	  
absorption	  of	  cosmetic	  actives.	  Biomechanical	  and	  biophysical	  properties	  of	  hair	  and	  skin	  are	  related	  to	  keratin	  
as	  their	  major	  constituent.	  A	  key	  challenge	  lies	  in	  predicting	  molecular	  and	  thermodynamic	  basis	  as	  the	  result	  
of	  small	  molecules	  interacting	  with	  alpha	  helical	  keratin	  at	  the	  molecular	  level.	  In	  addition,	  elastic	  properties	  of	  
human	   skin	   which	   are	   directly	   related	   to	   the	   interactions	   of	   keratin	   intermediate	   filaments	   remain	   a	  
challenging	  subject.	  
Molecular	  dynamics	  (MD)	  simulations	  provide	  a	  possibility	  of	  observing	  biological	  processes	  within	  atomistic	  
resolution	  providing	  more	  detailed	   insight	   into	  experimental	  results.	  However,	  MD	  simulations	  are	   limited	   in	  
terms	  of	  the	  achievable	  time	  scales.	  Hence,	  in	  this	  thesis	  MD	  simulations	  were	  employed	  in	  order	  to	  provide	  
better	   understanding	   of	   the	   experimental	   results	   conducted	   in	   parallel	   and	   to	   overcome	   the	  main	   limiting	  
factor	  of	  MD	  –	  the	  simulation	  time.	  For	  this	  purpose,	  thermodynamic	  and	  detailed	  structural	  basis	  have	  been	  
delivered	  for	  small	  molecules	  interacting	  with	  keratin	  explaining	  and	  validating	  experimental	  data.	  On	  the	  top	  
of	   this	   the	   fast	   free	   energy	   prediction	   tool	   has	   been	   built	   within	   all-­‐atom	   force	   field	   by	   a	   use	   of	   steered	  
molecular	  dynamics	  alone.	  Within	  the	  coarse	  grain	  approach,	  the	  force	  field	  was	  developed	  for	  the	  application	  
of	  elastic	  properties	  of	  human	  skin	  enabling	  orders	  of	  magnitude	  faster	  than	  all-­‐atom	  force	  fields	  simulations.	  
The	   application	   of	   the	   coarser	   representation	   enabled	   assessing	   the	   influence	   of	   the	   natural	   moisturizing	  
factor	  composed	  of	  small	  molecules	  on	  the	  elastic	  properties	  of	  the	  outermost	  human	  skin	  layer.	  In	  this	  work,	  
MD	  results	  reached	  excellent	  agreement	  with	  the	  experimental	  data.	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NOMENCLATURE	  
	  
	  
ϕk 	  	  	   	   Dihedral	  force	  constant	  
tX 	  	  	   	   Overall	  concentration	  of	  ferrous	  gluconate	  in	  the	  cell	  
Q 	  	   	   	   Partition	  function	  
unitC 	  	   	   Coulomb	  force	  constant	  
),( ii prH 	  	   	   Hamiltonian	  –	  total	  potential	  energy	  
)(λiu 	  	   	   Harmonic	  potential	  -­‐	  additional	  energy	  term	  
1=nV 	  	   	   Tabulated	  potential	  at	  the	  1st	  step	  1	  
ia 	   	   	   Acceleration	  
θk 	   	   	   Angle	  force	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   Stoichiometry	  of	  binding	  
T 	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),( ii
B prH 	   	   Biased	  Hamiltonian	  
)( i
B rV 	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   Coarse-­‐grained	  potential	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11 
 
)(bVb 	   	   Coarse-­‐grained	  potential	  for	  bonds	  
)(ϕϕV 	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B
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   Free	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  associated	  with	  adding	  harmonic	  potential	  
)(xU 	   	   Harmonic	  potential	  
)(qH 	   	   Histogram	  -­‐	  distribution	  
idv 	   	   Injection	  volume	  
kinE 	   	   Kinetic	  energy	  
EN 	   	   Number	  of	  the	  effective	  degrees	  of	  freedom	  
tM 	   	   Overall	  concentration	  of	  keratin	  in	  the	  cell	  
nVΔ 	   	   Potential	  difference	  (between	  the	  current	  and	  the	  reference)	  
angleφ 	   	   Potential	  energy	  of	  angles	  
bonV 	   	   Potential	  energy	  of	  bonded	  interactions	  
bondφ 	   	   Potential	  energy	  of	  bonds	  
torsionsφ 	   	   Potential	  energy	  of	  dihedral	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CoulombV 	   	   Potential	  energy	  of	  electrostatic	  interactions	  
VdWV 	   	   Potential	  energy	  of	  van	  der	  Waals	  interactions	  
1+nV 	   	   Potential	  from	  the	  next	  step	  
impropersφ 	   	   Potential	  of	  improper	  dihedrals	  
)(qP 	   	   Probability	  distribution	  
refV 	   	   Reference	  atomistic	  potential	  
refP 	   	   Reference	  full	  atomistic	  distribution	  
12−r 	   	   Repulsion	  Lennard-­‐Jones	  potential	  term	  
SMDK 	   	   Spring	  constant	  of	  the	  harmonic	  potential	  in	  steered	  molecular	  dynamics	  
QΔ 	   	   Total	  heat	  change	  
)( irV 	   	   Total	  potential	  energy	  
)(λUiP 	   	   Unbiased	  distribution	  
)(λiA 	   	   Unbiased	  free	  energy	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),( ii
U prH 	   	   Unbiased	  Hamiltonian	  
BradleyUrey−φ 	   	   Urey-­‐Bradley	  potential	  
)(qP 	   	   Volume	  normalized	  distribution	  	  
)(bPb 	   	   Volume	  normalized	  distribution	  of	  bonds	  	  
)(ϕϕP 	   	   Volume	  normalized	  distribution	  of	  dihedral	  angles	  
)(θθP 	   	   Volume	  normalized	  distribution	  or	  angles	  
∆G	   	   	   Free	  energy	  difference	  
µg	   	   	   Microgram	  
µm	   	   	   Micrometer	  
ACEMD	   	   Accelerated	  bio-­‐molecular	  dynamics	  software	  
AFM	   	   Atomic	  force	  microscope	  
AMBER	   	   Assisted	  model	  building	  with	  energy	  refinement	  force	  field	  
BET	  	   	   Brunauer–Emmett–Teller	  isotherm	  
BI	   	   	   Boltzmann	  inversion	  
C	   	   	   Celsius	  
CD	   	   	   Circular	  dichroism	  
Cegcg	  	   	   Concentration	  of	  EGCG	  in	  the	  syringe	  
Ceq	  	   	   	   Free	  ligand	  concentration	  
CHARMM	   	   Chemistry	  at	  Harvard	  Macromolecular	  Mechanics	  (force	  field)	  
CN	   	   	   Coordination	  number	  
COM	   	   Centre	  of	  mass	  
Cα	   	   	   Central	  carbon	  atom	  
EM	   	   	   Electron	  microscopy	  
FEP	   	   	   Free	  energy	  perturbation	  
g	   	   	   Gram	  
GAB	  	   	   Guggenheim,	  Anderson	  and	  de	  Boer	  isotherm	  
GROMACS	   	   Groningen	  Machine	  for	  Chemical	  Simulations	  (software)	  
HFE	  	   	   Hydration	  free	  energy	  
HPLC	   	   High	  performance	  liquid	  chromatography	  
IBI	   	   	   Iterative	  Boltzmann	  inversion	  
IF	   	   	   Intermediate	  filament	  
IOD	  	   	   Ion-­‐oxygen	  distance	  
ITC	   	   	   Isothermal	  titration	  calorimetry	  
K	   	   	   Kelvin	  
Kb	   	   	   Binding	  coefficient	  
kcal	  	   	   Kilocalory	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kDa	  	   	   Kilodalton	  
KL	  	   	   	   Multilayer	  binding	  constant	  
Ks	  	   	   	   Monolayer	  binding	  constant	  
LIE	   	   	   Linear	  interaction	  energy	  
LINCS	   	   Linear	  constraints	  solver	  for	  molecular	  simulations	  
logD	   	   Octanol-­‐water	  distribution	  coefficient	  
logP	  	   	   Octanol-­‐water	  partition	  coefficient	  
M	   	   	   Mol	  
MAE	   	   Mean	  absolute	  error	  
mg	   	   	   Milligram	  
min	  	   	   Minute	  
mL	   	   	   Millilitre	  
mm	  	   	   Millimetre	  
mM	  	   	   Millimol	  
MM/PBSA	   	   Molecular	  mechanics	  Poisson-­‐Boltzmann	  surface	  area	  
MW	  	   	   Molecular	  weight	  
N	   	   	   Number	  of	  atoms	  
nm	  	  	   	   Nanometre	  
NMF	  	   	   Natural	  moisturizing	  factor	  
NMR	   	   Nuclear	  magnetic	  resonance	  
NPT	  	   	   Constant	  number	  of	  atoms,	  pressure	  and	  temperature	  
ns	  	   	   	   Nanosecond	  
NVT	  	   	   Constant	  number	  of	  atoms,	  volume	  and	  temperature	  
P	   	   	   Pressure	  
PME	   	   Particle	  Mesh	  Ewald	  
PMF	   	   Potential	  of	  mean	  force	  
ps	   	   	   Picosecond	  
q	   	   	   Amount	  of	  ligand	  bound	  per	  mole	  of	  protein	  
qm	  	   	   	   Amount	  of	  monolayer	  binding	  of	  ligand	  per	  mole	  of	  protein	  
R2	   	   	   Squared	  correlation	  coefficient	  
RDF	  	   	   Radial	  distribution	  function	  
REMD	   	   Replica	  exchange	  molecular	  dynamics	  
RMSF	   	   Root	  mean	  square	  fluctuations	  
s	   	   	   Second	  
SASA	   	   Solvent	  accessible	  surface	  area	  
SMD	   	   Steered	  molecular	  dynamics	  
US	   	   	   Umbrella	  sampling	  
VOTCA	   	   Versatile	  Object-­‐oriented	  Toolkit	  for	  Coarse-­‐graining	  Applications	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WCA	   	   Weeks	  Chandler	  Andersen	  
WHAM	   	   Weighted	  histogram	  analysis	  method	  
μs	   	   	   Microsecond	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  residues	  via	  hydrogen	  
bonds	  at	  298K.	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Figure	  4.4.	   The	  buried	  surface	  area	  between	  keratin	  and	  EGCG	  at	  318	  K.	  After	  47	  ns	  EGCG	  
molecule	  detached	  suggesting	  weaker	  interactions	  at	  higher	  temperatures.	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Figure	  4.5.	  
	  
Conformations	  throughout	  the	  simulation	  time	  of	  keratin	  coiled	  coil	  segment	  
(purple)	  and	  20	  EGCG	  molecules	  (yellow)	  at	  298	  K.	  The	  formation	  of	  clusters	  is	  
observed	   by	   further	   spreading	   EGCG	   molecules	   over	   the	   keratin	   surface	   as	  
multilayer.	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Figure	  4.6.	   Binding	  of	  20	  EGCG	  molecules	  to	  keratin	  segment	  1B	  at	  298K:	  A)	  The	  number	  
of	  hydrogen	  bonds	  between	  20	  EGCG	  molecules;	  B)	  The	  number	  of	  hydrogen	  
bonds	   between	   keratin	   and	   20	   EGCG	   molecules	   at	   298K.	   At	   the	   constant	  
number	  of	  hydrogen	  bonds	  between	  EGCG	  molecules	   the	   increase	   in	   EGCG-­‐
keratin	   hydrogen	   bonds	   is	   observed.	   This	   proves	   the	   spreading	   of	   EGCG	  
molecules	  over	  the	  keratin	  surface	  as	  a	  multilayer	  assembly.	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Figure	  4.7.	   Hydrophobic	   surface	   area	   of	   20	   EGCG	   molecules	   during	   the	   simulation	   of	  
binding	  to	  keratin	  (segment	  1B).	  EGCG	  molecules	  cluster	  and	  elongate	  on	  the	  
keratin	  surface	  which	  results	  in	  decreasing	  their	  overall	  hydrophobic	  area.	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Figure	  4.8.	   An	  example	  of	   steered	  molecular	  dynamics	   simulation	  of	  pulling	  EGCG	  away	  
from	   the	   keratin	   surface:	   A)	   Pulling	   force	   versus	   simulation	   time	   -­‐	   Two	  
breaking	   maxima	   correspond	   to	   hydrogen	   bond	   breakage	   at	   0.105	   ns	   and	  
0.171	   ns;	   B)	   Snapshots	   from	   steered	   molecular	   dynamics	   simulation	  
corresponding	  to	  the	  first	  and	  second	  maximum	  pulling	  force	  respectively.	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Figure	  4.9.	   Force	   versus	   time	   of	   pulling	   EGCG	   4	   nm	   away	   from	   keratin	   1	   (α-­‐helical	  
segment	  1A)	  at	  298K	  using:	  A)	  velocity	  of	  1	  nm	  ns-­‐1	  and	  spring	  constant	  of	  360	  
kcal	  mol-­‐1nm-­‐2;	  B)	  velocity	  of	  10	  nm	  ns-­‐1	  and	  spring	  constant	  of	  120	  kcal	  mol-­‐
1nm-­‐2.	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Figure	  4.10.	   Potential	   of	   mean	   force	   profiles	   obtained	   from	   windows	   generated	   by	  
different	   pulling	   simulations	   of	   EGCG	   (Figure	   4.9)	   from	   the	   same	   initial	  
coordinates	   of	   keratin-­‐EGCG	   complex.	   Nearly	   identical	   values	   of	   the	   free	  
energy	  difference	  were	  achieved.	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Figure	  4.11.	   A)	  The	  convergence	  of	   the	  potential	  of	  mean	   force	  curves.	  By	   increasing	   the	  
simulation	  time	  in	  each	  window	  a	  reasonable	  convergence	  is	  achieved.	  Hence,	  
in	  all	   systems	  the	  umbrella	  sampling	  windows	  were	  carried	  out	   for	  50	  ns;	  B)	  
Umbrella	   sampling	   histograms	   along	   the	   reaction	   coordinate	   (distance).	   20	  
umbrella	   potentials	   with	   spacing	   of	   0.2	   nm	   and	   50	   ns	   of	   sampling	   show	  
excellent	  overlap.	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Figure	  4.12.	   Force	  versus	  time	  for	  pulling	  EGCG	  4	  nm	  away	  from	  keratin	  coiled-­‐coil	  at	  308K	  
using	   pulling	   rate	   of	   10	   nm	   ns-­‐1	   and	   spring	   constant	   of	   120	   kcal	   mol-­‐1nm-­‐2.	  
Three	   very	   similar	   profiles	   were	   obtained	   from	   the	   same	   initial	   coordinates	  
providing	   approximately	   the	   same	   breaking	   point	   (maximum)	   confirming	  
simulation	  reproducibility.	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Figure	  4.13.	   Force	   versus	   time	   profiles	   of	   pulling	   EGCG	   away	   from	   different	   keratin	  
segments	   (1B	   –	   black	   and	   green;	   1A	   –	   red	   and	   orange,	   2A	   –	   blue)	   and	  
corresponding	  potential	  of	  mean	  force	  curves	  at:	  A)	  298	  K;	  B)	  308	  K;	  C)	  318K.	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Figure	  4.14.	   The	  average	  number	  of	  hydrogen	  bonds	  between	  EGCG	  and	  keratin	  versus	  the	  
binding	  free	  energy	  difference	  (at	  298	  K:	  R2	  =	  0.81,	  at	  308	  K:	  R2	  =	  0.96,	  at	  318	  
K:	  R2	  =	  0.94)	  as	  well	  as	  EGCG/keratin	  buried	  surface	  area	  (determined	  from	  the	  
NPT	   equilibration	   prior	   pulling	   simulations)	  with	   respect	   to	   the	   binding	   free	  
energy	  difference	  (R2	  =	  0.88).	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Figure	  4.15.	   The	   example	   of	   the	   number	   of	   hydrogen	   bonds	   between	   EGCG	   and	   water	  
molecules	   decreasing	   over	   the	   simulation	   time	   at	   298	   K.	   EGCG	   during	   the	  
binding	  process	  expelled	  water	  molecules	  from	  the	  keratin	  surface.	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Figure	  4.16.	   The	   linear	   correlations	   between	   the	   maximum	   pulling	   force	   (each	   value	  
obtained	  from	  0.4	  ns	  of	  steered	  molecular	  dynamics	  simulations)	  and	  the	  free	  
energy	   obtained	   by	   umbrella	   sampling	   (each	   point	   corresponds	   to	   1μs	   of	  
sampling)	  calculations	  (R2	  =	  0.99	  in	  all	  cases).	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CHAPTER	  V	  
	  
Figure	  5.1.	   Three	  possible	  types	  of	  binding	  site	  hypothesised	  by	  Jurinovich	  et	  al.	   87	  
	   	   	  
Figure	  5.2.	   Examples	  of	   initial	  configurations	  used	  in	  MD	  simulations	  for	  the	  binding	  site	  
assessment:	  Type	  I	  -­‐	  Fe2+	   interaction	  with	  backbone	  carbonyl	  oxygen	  (ALA67)	  
and	  amide	  nitrogen	  (SER68);	  Type	  II	  -­‐	  Fe2+	  interacting	  with	  side	  chain	  hydroxyl	  
oxygen	   (SER68)	   and	   backbone	   carbonyl	   oxygen	   (ASP64);	   Type	   III	   -­‐	  
Fe2+coordinated	   by	   GLU71	   side	   chain	   carboxylate	   oxygens.	   Cartoon	  
representation	  of	  helix	  –	  blue.	  Atoms	  are	  shown	  as	  red	  oxygens,	  cyan	  carbons,	  
grey	  hydrogens,	  dark	  blue	  nitrogens,	  and	  yellow	  Fe2+.	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Figure	  5.3.	   The	  most	   stable	  MD	  simulation	  of	  Fe2+	  binding	   to	  α-­‐helix	  at	   three	  suggested	  
sites	   type	   I,	   II	   and	   III.	  Type	   III	  binding	  site	  was	  shown	  to	  be	   the	  most	   stable,	  
with	   the	   ion	   remaining	   bound	   to	   the	   acidic	   side	   chain	   carboxylate	   oxygen	  
atoms	  for	  the	  whole	  100	  ns	  simulation.	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Figure	  5.4.	   Final	   conformations	   of	   ferrous	   gluconate	   with	   α-­‐helix:	   A)	   Fe2+	   stacked	   in	  
between	  two	  glutamic	  acid	  (GLU79	  and	  GLU82)	  side	  chain	  carboxylate	  groups,	  
coordinated	   by	   water	   molecules;	   B)	   Fe2+	   and	   water	   molecules	   bound	   to	   a	  
GLU71	  side	  chain	  carboxylate	  oxygen.	   Iron	  mediates	   ionic	   interactions	  with	  a	  
gluconic	   moiety	   which	   also	   forms	   a	   hydrogen	   bond	   (red	   dotted	   line)	   with	  
glutamic	   acid;	   Cartoon	   representation	   of	   helix	   –	   blue;	   Fe2+	   –	   yellow	   sphere,	  
gluconate	   –	   green;	   protein	   atoms:	   oxygens	   (red),	   carbons	   (cyan),	   hydrogen	  
(grey),	  nitrogen	  (blue).	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Figure	  5.5.	   Fe2+	  binding	  to	  α-­‐helix	  at	  type	  II	  binding	  site.	  After	  7	  ns,	  Fe2+	  moved	  away	  from	  
type	   II	   binding	   site,	   initially	   located	   between	   GLU57	   and	   THR58,	   to	   type	   III	  
binding	   site	   occupying	   only	   carboxylate	   oxygens	   of	   GLU57,	   and	   remained	  
there	  until	  the	  end	  of	  the	  100	  ns	  simulation.	  The	  distance	  with	  the	  carboxylate	  
oxygen	  atoms	  remained	  stable	  throughout.	  Atoms	  are	  shown	  as	  red	  oxygens,	  
cyan	  carbons,	  grey	  hydrogens,	  dark	  blue	  nitrogens	  and	  yellow	  Fe2+.	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Figure	  5.6.	   Distances	   of	   Fe2+	   from	   polar	   atoms	   of	   binding	   site	   of	   type	   I,	   II	   and	   III	   as	   a	  
function	   of	   the	   simulation	   time.	   Type	   I	   and	   II	   did	   not	   show	   any	   stability	   in	  
contrast	  to	  type	  III	  where	  in	  all	  cases	  iron	  ion	  remained	  within	  GLU	  or	  ASP	  side	  
chain	   oxygens.	   OE1,	   OE2	   –	   side	   chain	   oxygens,	   O	   –	   backbone	   oxygen,	   N	   –	  
backbone	  nitrogen.	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Figure	  5.7.	   The	   assessment	   of	   different	   binding	   constants	   (48	   –	   960	   kcal	  mol-­‐1	   nm-­‐2)	   in	  
steered	  molecular	  dynamics	   simulations	  of	  pulling	  Fe2+	  away	   from	   the	  acidic	  
pocket	   at	   the	   constant	   pulling	   rate	   of	   10	   nm	   ns-­‐1.	   The	   force	   versus	   time	  
profiles	  provided	  breaking	  points	  (maxima)	  with	  spring	  constants	  of	  240,	  480	  
and	   960	   kcal	   mol-­‐1	   nm-­‐2.	   Lower	   values	   of	   the	   spring	   strength	   did	   not	   allow	  
extracting	  iron	  from	  keratin	  surface.	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Figure	  5.8.	   Force	   versus	   time	   profiles	   from	   steered	   molecular	   dynamics	   simulations	   of	  
pulling	  ferrous	  ion	  away	  from	  the	  acidic	  keratin	  pocket	  with	  a	  force	  constant	  
of	  480	  kcal	  mol-­‐1	  nm-­‐2	  at	  1,	  5	  and	  10	  nm	  ns-­‐1.	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Figure	  5.9.	   A)	   Potential	   of	   mean	   force	   (PMF)	   curves	   for	   Fe2+	   –	   α-­‐helix	   polypeptide	  
segment	   of	   keratin	   interaction	   at	   298,	   308	   and	   318	   K,	   together	   with	   B)	   an	  
example	  of	  umbrella	  sampling	  histograms	  at	  298	  K.	  
	  
97	  
Figure	  5.10.	   The	   average	   number	   of	   hydrogen	   bonds	   between	   acidic	   side	   chain	   oxygens	  
and	  water	  molecules	  at	  298,	  308	  and	  318	  K	  as	  a	   function	  of	   the	  distance	  of	  
Fe2+	   and	  keratin	  α-­‐helix	   acidic	  binding	   site.	  Hydrogen	  bonds	  were	   calculated	  
from	   umbrella	   sampling	   windows	   based	   on	   a	   0.35	   nm	   cut-­‐off	   distance	  
between	   donor	   and	   acceptor	   atoms	   as	   well	   as	   a	   hydrogen-­‐donor-­‐acceptor	  
angle	   of	   30˚,	   and	   then	   averaged	   over	   the	   100	   ns	   simulation	   time	   of	   each	  
window.	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CHAPTER	  VI	  
	  
	   	  
Figure	  6.1.	   Molecules	   studied	   herein:	   A)	   Citric	   acid,	   B)	   Dihydrogen	   citrate,	   C)	   Hydrogen	  
citrate,	  D)	  Citrate,	   E)	  Catechin,	   F)	  Oleic	   acid	   as	  well	   as	   studied	   in	  Chapter	   IV	  
and	  V	  G)	  Epigallocatechin-­‐3-­‐gallate	  and	  H)	  Iron	  (II)	  gluconate	  respectively.	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Figure	  6.2.	   Interactions	   of	   A)	   oleic	   acids	   (orange)	   with	   keratin	   (blue)	   at	   200	   ns,	   and	   B)	  
catechin	  (cyan)	  with	  keratin	  (blue)	  at	  200	  ns.	  The	  mass	  concentration	  of	  ligand	  
in	  both	  cases	  is	  5%.	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Figure	  6.3.	   A)	   The	  number	   of	   hydrogen	  bonds	   per	  molecule	   between:	   oleic	   acid	  –	   oleic	  
acid,	   oleic	   acid	   –	   keratin,	   catechin	   –	   catechin,	   catechin	   –	   keratin	   over	   the	  
simulation	  time.	  B)	  Hydrophobic	  solvent	  accessible	  surface	  area	   (SASA)	  of	  all	  
catechin	  or	  oleic	  acid	  molecules	  over	  the	  simulation	  time.	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Figure	  6.4.	   Citric	  acid	  binding	  to	  keratin	  at	  different	  pH	  values:	  A)	  pH	  <	  3.29	  –	  Citric	  acid	  
binds	   to	   keratin	   via	   hydrogen	   bonds	   only;	   B)	   pH	   =	   4.5	   –	   Hydrogen-­‐	   and	  
dihydrogen	  citrate	   formed	  small	   salt	  aggregates	  via	  sodium	   ions	  and	  stacked	  
on	  the	  keratin	  surface	  via	  hydrogen	  bonds	  and	  electrostatic	  interactions,	  C)	  pH	  
>	  6.39	  –	  Citrate	  formed	  salt	  cluster	  of	  26	  molecules	  stabilized	  by	  sodium	  ions	  
mediating	   the	   interactions	   between	   citrate	   molecules	   as	   well	   as	   citrate	   –	  
keratin	  charged	  residues;	  D)	  Number	  of	  hydrogen	  bonds	  over	   the	  simulation	  
time	   (averaged	   over	   200	   data	   points	   -­‐	   every	   1	   ns).	   Red	   –	   oxygen,	   blue	   –	  
nitrogen,	   cyan	   –	   carbon	   white	   –	   hydrogen),	   citric	   acid	   (purple),	   dihydrogen	  
citrate	   (black),	   hydrogen	   citrate	   (yellow),	   sodium	   ions	   (green);	   Cartoon	  
representation	  of	  protein	  –	  blue.	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Figure	  6.5.	   The	   protocol	   employed	   for	   the	   choice	   of	   the	   most	   stable	   α-­‐helix-­‐ligand	  
coordinates	  based	  on	  the	  catechin	  as	  an	  example:	  A)	  200	  ns	  snapshot	  of	  the	  
molecules	   which	   are	   directly	   bound	   to	   the	   keratin	   (green	   surface	  
representation	  for	  catechins	  with	  the	  highest	  number	  of	  hydrogen	  bonds	  and	  
red	   surface	   representation	   for	   catechins	   remaining	   catechins;	   white	   surface	  
representation,	  blue	  cartoon	  and	  space	  filling:	  red	  –	  oxygens,	  blue	  -­‐	  nitrogens,	  
cyan	  -­‐	  carbons,	  white	  -­‐	  hydrogens	  for	  helical	  keratin);	  B)	  The	  average	  number	  
of	   hydrogen	   bonds	   calculated	   over	   last	   50	   ns	   for	   all	  molecules	   being	  within	  
keratin	  surface;	  C)	  The	  keratin-­‐catechin	  buried	  surface	  area	  calculated	  for	  two	  
molecules	  which	  exhibited	  the	  highest	  number	  of	  hydrogen	  bonds.	  The	  buried	  
surface	   (green	   and	   blue)	  was	   averaged	   over	   100	   data	   points	   (black	   and	   red	  
respectively).	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Figure	  6.6.	   The	   example	   pulling	   simulation	   of	   the	   most	   stable	   catechin	   (green	   surface	  
representation).	   The	   pulling	   direction	   according	   to	   our	   previous	   study16	   is	  
perpendicular	   to	   the	   helical	   backbone	   axis.	   During	   the	   SMD	   simulation	   at	  
approximately	  0.1	  ns	  the	  force	  reaches	  the	  maximum	  when	  the	  last	  hydrogen	  
bond	   is	   broken.	   The	   distance	   between	   the	   keratin	   helical	   segment	   and	   the	  
catechin	   starts	   increasing	   at	   this	   point	   reaching	   2.4	   nm	   at	   the	   end	   of	   the	  
simulation.	   Red	   surface	   representation	   for	   remaining	   catechins	   obtained	   by	  
MD	  self-­‐assembly	  simulations;	  white	  surface	  representation,	  blue	  cartoon	  and	  
space	  filling:	  red	  –	  oxygens,	  blue	  -­‐	  nitrogens,	  cyan	  -­‐	  carbons,	  white	  -­‐	  hydrogens	  
for	  helical	  keratin.	  
	   	   	  
Figure	  6.7.	   The	   rupture	   force	   obtained	   from	   steered	   molecular	   dynamics	   (SMD)	  
simulations	   for	   7	   molecules	   (oleic	   acid,	   catechin,	   citric	   acid,	   dihydrogen	  
citrate,	   hydrogen	   citrate,	   citrate	   and	   ferrous	   ion)	   versus	   the	   used	   spring	  
constant.	  Each	  point	  corresponds	  to	  the	  average	  value	  of	  10	   identical	  pulling	  
simulations.	   The	   best	   fitted	   curve	   was	   obtained	   in	   each	   case	   with	   a	   power	  
function	  (R2=0.96-­‐0.98).	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Figure	  6.8.	   Potential	   of	   mean	   force	   obtained	   from	   umbrella	   sampling	   method	   for	  
different	  molecules	  binding	  to	  keratin	  helical	  segment.	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Figure	  6.9.	   Histograms	   of	   umbrella	   sampling	  windows	   of:	   A)	   Catechin;	   B)	   Citric	   acid;	   C)	  
Citrate;	  D)	  Dihydrogen	  citrate;	  E)	  Hydrogen	  citrate;	  F)	  Oleic	  Acid.	  
117	  
	   	   	  
Figure	  6.10.	   A)	   Binding	   free	   energy	   (∆!)	   of	   small	   neutral	  molecules	   to	   helical	  motif	   as	   a	  
function	  of	  logP	   ;	  B)	  Binding	  free	  energy	  of	  citric	  acid	  at	  different	  protonation	  
states;	   C)	   Protein-­‐ligand	   buried	   area	   (!	   )as	   a	   function	   of	   the	   binding	   free	  
energy	   for	   neutral	   molecules.	   The	   equation	   is	   best	   described	   by:	   ! =1.3321 − 0.431∆!.	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Figure	  6.10.	   Binding	   free	  energies	   (∆!)	  obtained	   from	  US	  of	   small	  molecules	  binding	   the	  
keratin	   helical	   motif	   versus	   the	   maximum	   pulling	   force	   averaged	   over	   10	  
pulling	  simulations	  at	   the	  constant	   loading	  rate	   (velocity	  of	  10	  nm	  ns-­‐1	  and	  a	  
spring	  constant	  of	  120	  kcal	  mol-­‐1	  nm-­‐2)	  according	  to	  the	  keratin-­‐EGCG	  study.	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Figure	  6.11.	   Binding	   free	  energies	   (∆!)	  obtained	   from	  US	  of	   small	  molecules	  binding	   the	  
keratin	   helical	   motif	   versus	   the	   maximum	   pulling	   force	   averaged	   over	   10	  
pulling	  simulations	  at	  the	  constant	   loading	  rate	  (velocity	  of	  10	  nm	  ns-­‐1	  and	  a	  
spring	  constant	  of	  120	  kcal	  mol-­‐1	  nm-­‐2)	  according	  to	  the	  keratin-­‐EGCG	  study.134	  
The	   linear	   dependency	   is	   built	   based	   on	   EGCG,	   catechin,	   citric	   acid	   and	  
dihydrogen	  citrate	  with	  R2=0.98	  (∆! = −0.1224!!"# + 3.9346).	  Ferrous	  ion,	  
citrate,	   hydrogen	   citrate	   and	   oleic	   acid	   did	   not	   follow	   the	   linear	   correlation	  
due	  to	  their	  extreme	  properties.	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CHAPTER	  VII	  
	  
	   	  
Figure	  7.1.	   The	  choice	  of	  the	  terminal	  surrogate:	   full	  sequence	  of	  keratin	  10:	  N	  terminal	  
(146	   residues)	   and	   approximated	   surrogate	   of	   60	   residues	   with	   conserved	  
basic	  and	  acidic	  ending	  as	  well	  as	  glycine	  rich	  motif	  (residues	  marked	  in:	  blue	  –	  
basic,	  red	  –	  acidic,	  green	  –	  glycine,	  yellow	  –	  remaining	  part	  of	  surrogate,	  black	  
–	  those	  omitted	  in	  the	  surrogate	  sequence).	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Figure	  7.2.	   The	   temperature	   annealing	   cycle	   of	   10	   ns	   –	   driving	   the	   system	   from	  300	   to	  
500K	   sufficient	   number	   of	   times	   enables	   to	   explore	   different	   conformations	  
and	  hence	  the	  whole	  phase	  space	  in	  terms	  of	  positions	  and	  momenta.	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Figure	  7.3.	   Weeks	  Chandler	  Andersen	   (WCA)	  potential	   used	   for	   all	   beads	   in	   the	   coarse-­‐
grain	  model	  to	  reproduce	  bonded	  parameters	  within	  the	  simulation	  of	  10	  μs.	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Figure	  7.4.	   Initial	  helical	  structure	  of	  the	  60	  residual	  surrogate	  together	  with	  the	  obtained	  
random	  coil	  after	  simulation	  of	  80	  ns	  in	  the	  NPT	  ensemble	  at	  the	  temperature	  
of	  800K.	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Figure	  7.5.	   Mean	   distances	  map	   of	   the	   surrogate	   terminal	   at	   300K.	   The	   trajectory	   was	  
divided	   into	   two	   parts:	   I	   –	   300-­‐1200	   ns	   and	   II	   –	   1200-­‐2100	   ns.	   Both	   parts	  
represent	   similar	  map	   of	  mean	   distances	   as	  well	   as	   the	  whole	   trajectory	   of	  
300-­‐2100	  ns.	  First	  300	  ns	  were	  omitted	  for	  the	  system	  equilibration.	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Figure	  7.6.	  
	  
Root	  mean	  square	  fluctuations	  (RMSF)	  with	  respect	  to	  the	  initial	  random	  coil	  
structure	   of	   given	   residue	   index	   (central	   carbon	   atom)	   averaged	   over	   the	  
simulation	  time	  of	  part	  I	  and	  II	  at	  300K.	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Figure	  7.7.	   Central	  carbon	  atoms	  end	  to	  end	  distance	  (first	  and	  last	  residues)	  distributions	  
of	  part	  I	  and	  II	  full	  atomistic	  simulations	  at	  300K.	  	  
	  
132	  
Figure	  7.8.	   Distributions	  of	   the	  polypeptide	  hydrophobic	   solvent	  accessible	   surface	  area	  
of	  the	  part	  I	  and	  II	  at	  300	  K.	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Figure	  7.9.	   Distributions	   of	   the	   polypeptide	   gyration	   radius	   of	   part	   I	   and	   II	   of	   all	   atom	  
simulation	  at	  300	  K.	  
	  
133	  
Figure	  7.10.	   Radial	  distribution	  functions	  (RDFs)	  between	  different	  types	  of	  beads	  obtained	  
from	  fully	  atomistic	  simulation	  at	  300	  K.	  
	  
134	  
Figure	  7.11.	   Bonded	  distributions	  extracted	  from	  fully	  atomistic	  simulation	  at	  300	  K	  of:	  A)	  
58	  angles	  between	  3	  consecutive	  central	  carbon	  atoms;	  B)	  57	  dihedral	  angles	  
between	  4	  consecutive	  central	  carbon	  atoms.	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Figure	  7.13.	   The	   example	   of	   refining	   tabulated	   potential	   based	  on	   the	   one	  of	   the	   angles	  
between	   3	   consecutive	   central	   carbon	   atoms.	   The	   raw	   data	   obtained	   by	  
inverting	   the	   distribution	   from	   fully	   atomistic	   simulation	   is	   refined	   through	  
the:	  A)	  interpolation	  and	  B)	  extrapolation.	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Figure	  7.14.	   Coarse-­‐grained	   distributions	   after	   10	   μs	   of	   NVT	   simulation	   at	   300K	   using	  
Weeks	   Chandler	   Andersen	   potential	   versus	   distributions	   obtained	   from	   fully	  
atomistic	  simulation	  of:	  A)	  58	  angles	  and	  B)	  57	  dihedral	  angles.	  
	  
136	  
Figure	  7.15.	   Radial	   distribution	   functions	   (RDFs)	   between	   5	   types	   of	   beads	   (polar,	  
nonpolar,	   basic,	   acidic,	   glycine)	   obtained	   from:	   fully	   atomistic	   simulation	  
(black)	   at	   300	   K	   and	   the	   coarse-­‐grained	   simulation	   of	   10	   μs	   after	   10	   000	   of	  
iterations	  (red)	  using	  iterative	  Boltzmann	  inversion	  method.	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Figure	  7.16.	   Final	   tabulated	   potentials	   with	   the	   2	   nm	   cut-­‐off	   between	   5	   types	   of	   beads.	  
These	  potentials	  provided	  well	  converged	  radial	  distribution	  functions	  shown	  
in	  Figure	  7.15.	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Figure	  7.17.	   Distributions	  at	  300K	  of	  A)	  58	  angles	  and	  B)	  57	  dihedral	  angles	  of	  the	  coarse-­‐
grained	  model	  with	  the	  15	  potentials	  (5	  types	  of	  beads:	  polar,	  nonpolar,	  basic,	  
acidic,	   glycine)	   after	   10	   μs	   of	   the	   simulation	   versus	   distributions	   from	   fully	  
atomistic	  simulation.	  
	  
139	  
Figure	  7.18.	   Distributions	  of	  the	  surrogate	  polypeptide	  gyration	  radius:	  coarse-­‐grain	  model	  
(red)	  versus	  fully	  atomistic	  simulation	  (black).	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Figure	  7.19.	   The	   representation	   of	   the	   intermediate	   filament	   (12.5	   nm	   in	   length)	   with	   5	  
types	   of	   beads:	   Acidic	   –	   red,	   basic	   –	   blue,	   glycine	   –	   green,	   polar	   –	   grey,	  
nonpolar	  –	  orange.	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Figure	  7.20.	  
	  
Representation	  of	  the	  intermediate	  filament	  in	  two	  axial	  projections	  along	  its:	  
A)	  diameter	  and	  B)	   length.	  Acidic	  –	  red,	  basic	  –	  blue,	  glycine	  –	  green,	  polar	  –	  
grey,	  nonpolar	  –	  orange.	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Figure	  7.21.	   The	  initial	  and	  the	  final	  conformation	  of	  the	  intermediate	  filament	  (blue)	  with	  
grafted	  chains	  (red).	  After	  5	  ns	  the	  rapid	  adsorption	  of	  terminals	  was	  observed	  
with	  formed	  loops.	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Figure	  7.22.	   Radial	   distribution	   functions	   (number	   of	   atoms	   away	   from	   the	   intermediate	  
filament	  (IF)	  surface	  in	  two	  dimensions	  –	  XY	  components)	  obtained	  from	  NVT	  
simulation	   at	   300	   K	   of	   one	   IF	   with	   16	   grafted	   terminals	   residues.	   RDFs	  
correspond	  to	  distribution	  of	  terminals	  residues:	  A)	  Basic	  of	  N	  and	  C	  terminal;	  
B)	  N1,	  C1,	  N10,	  C10	   terminals;	  C)	  N1+N10	   terminal	  and	  C1+C10	   terminal;	  D)	  
N+C	  terminals.	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Figure	  7.23.	   Results	   by	   Akinshina	   et	   al:	   Volume	   fractions	   of	   residues	   away	   from	   the	  
intermediate	   filament	   surface:	  A)	  Basic	  of	  N	  and	  C	   terminal;	  B)	  N1,	  C1,	  N10,	  
C10	   terminals;	   C)	   N1+N10	   terminal	   and	   C1+C10	   terminal;	   D)	   N+C	   terminals.	  
Results	  from	  the	  coarse-­‐grain	  model	  can	  be	  compared	  to	  all	  atom	  model	  (AA)	  
in	  this	  figure.	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Figure	  7.24.	   Initial	   configuration	   for	   the	   simulation	   of	   studying	   interactions	   between	  
keratin	   filaments	   (glycine	   –	   green,	   polar	   –	   grey,	   nonpolar	   –	   orange,	   acidic	   –	  
red,	  basic	  –	  blue).	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Figure	  7.25.	   Radial	   distribution	   functions	   (number	   of	   atoms	   away	   from	   the	   intermediate	  
filament	   surface	   in	   two	   dimensions	   –	   XY	   components)	   obtained	   from	   NVT	  
simulation	   at	   300	   K	   of	   terminals	   residues	   in	   the	   system	   of	   7	   intermediate	  
filaments	   (each	   with	   16	   terminals).	   RDFs	   correspond	   to	   distribution	   of	  
terminal	  residues	  of	  the	  central	   IF	  and	  its	  grafted	  chains:	  A)	  Basic	  of	  N	  and	  C	  
terminal;	  B)	  N1+N10	  terminal	  and	  C1+C10	  terminal.	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Figure	  7.26.	   Radial	  distribution	  functions	  of	  (number	  of	  atoms	  away	  from	  the	  intermediate	  
filament	   surface	   in	   two	   dimensions	   –	   XY	   components)	   obtained	   from	   NVT	  
simulation	  at	  300	  K	  of	  all	   terminals	   residues	   in	   the	  system	  of	  1	   intermediate	  
filament	  with	  16	  terminals	  attached:	  black	  –	  without	  NMF,	  red	  –	  with	  addition	  
of	   acidic	   and	  basic	  beads	  of	  NMF,	   green	  –	  with	  addition	  of	  extra	  NMF	  polar	  
beads,	  blue	  –	  with	  addition	  of	  extra	  NMF	  nonpolar	  beads,	   yellow	  –	  with	   full	  
composition	  of	  NMF.	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CHAPTER	  I	  
	  
	  
Introduction	  
	  
	  
	  
Nowadays,	  computational	  chemistry	  plays	  a	  key	  role	  in	  predicting	  thermodynamic	  and	  structural	  properties	  
in	  petroleum,	  chemical	  and	  pharmaceutical	  industry.	  This	  originates	  from	  the	  increasing	  costs	  of	  experimental	  
work	  as	  well	  as	  often	  extreme	  and	  unreachable	  conditions	  at	  the	  laboratorial	  level.	  In	  addition,	  experimental	  
methods	  cannot	  deliver	  detailed	  insight	  into	  atomistic	  behaviour	  provided	  by	  molecular	  simulations.	  Recently,	  
molecular	   simulations	   have	   been	   widely	   used	   in	   all	   industrial	   branches.	   The	   significance	   of	   molecular	  
simulations	   is	   thus	   rapidly	   expanding	   due	   to	   the	   increasing	   industrial	   needs	   as	  well	   as	   fast	   development	   of	  
computational	  resources.	  The	   latter	  one	  though	  is	  still	  a	   limiting	  factor	  for	  molecular	  simulations	   in	  terms	  of	  
reachable	   time	   and	   length	   scales.	   However,	   the	   2013	   Nobel	   Prize	   in	   Chemistry	   was	   awarded	   "for	   the	  
development	   of	   multiscale	   models	   for	   complex	   chemical	   systems"	   reaching	   excellent	   agreement	   with	  
experimental	  results.	  
Molecular	   dynamics	   (MD)	   is	   a	   computational	  method	  which	   enables	   to	   observe	   the	  movement	   of	   atoms	  
with	  atomistic	  details.	  It	  is	  an	  excellent	  tool	  for	  studying	  e.g.	  new	  pharmaceuticals	  targeting	  macromolecules	  in	  
the	  drug	  discovery	  branch.1	  The	  detailed	  binding	  site	  assessment,	  conformation	  changes	  as	  well	  as	  strength	  of	  
the	  interactions	  can	  be	  assessed	  within	  this	  method.	  However,	  MD	  has	  its	  limitations	  which	  are	  the	  achievable	  
time	   scales	   and	   thus	   the	   size	   of	   the	   studied	   systems.	   The	   propensity	   of	   small	   molecules	   (ligands)	   binding	  
macromolecules	   (e.g.	   proteins)	   is	   quantified	   by	   the	   binding	   free	   energy	   difference	   directly	   related	   to	   the	  
binding	  constant.	  The	  binding	  constant	  determines	  the	  equilibrium	  concentration	  of	   free	   ligand,	  protein	  and	  
protein-­‐ligand	   complex.	   The	   possible	   pharmacological	   and/or	   toxic	   effect	   depends	   on	   the	   free	   energy	   of	  
binding.	  Recently,	  within	  MD	  simulation	  framework	  there	  has	  been	  an	   increasing	  number	  of	  studies	   focused	  
on	   the	   binding	   free	   energy	   predictions	   of	   small	  molecules	   to	   proteins	   often	   by	   accompanying	   experimental	  
validation.2-­‐4	  Although	  a	  great	  agreement	  between	  a	  simulation	  and	  experiments	  was	  gained	   in	  many	  cases,	  
28 
 
free	   energy	   methods	   within	   MD	   simulations	   using	   explicit	   solvent	   are	   still	   computationally	   expensive.	   The	  
challenge	  still	  lies	  in	  obtaining	  binding	  free	  energy	  in	  reasonable	  time	  scales.	  
Apart	  from	  detailed	  observations	  and	  lower	  costs	  in	  comparison	  to	  experiments	  the	  application	  of	  MD	  arises	  
from	   the	   limitations	   of	   laboratorial	   methods.	   For	   instance	   isothermal	   titration	   calorimetry	   (ITC),	   the	   most	  
commonly	  used	  method	  in	  protein-­‐lignand	  systems	  can	  not	  be	  applied	  for	  very	  low	  or	  high	  affinity	  interactions	  
-­‐	   the	  equilibrium	  association	  constant	  can	  be	  accurately	  measured	  only	  at	   the	  range	  of	  102	  –	  109	  M-­‐1.135	   ITC	  
requires	  high	  concentration	  of	  reactants	  which	  can	  lead	  to	  the	  incorrect	  capturing	  of	  the	  heat	  capacity	  in	  low	  
affinity	  interactions	  and	  to	  e.g.	  aggregation	  or	  non-­‐availability	  of	  the	  compounds	  in	  high	  affinity	  interactions.174	  
MD	  simulations	  by	  overcoming	  these	  problems	  serve	  a	  promising	  tool	  in	  drug	  discovery	  branch.	  
The	  binding	  affinity	  of	  small	  molecules	  to	  macromolecule	  is	  fundamental	  in	  transdermal	  permeation	  as	  well	  
as	  absorption	  to	  human	  hair	  of	  small	  active	  molecules.	  For	  instance,	  the	  binding	  free	  energy	  of	  ligands	  to	  the	  
outer	   skin	   layer	   protein	   regulates	   their	   concentration	   in	   lower	   layers	   where	   most	   of	   the	   vital	   profits	   are	  
delivered.	   In	  particular,	   there	   is	   an	   increasing	   interest	   in	  understanding	   the	  binding	  of	   small	   ligands	  used	   in	  
personal	  care	  products.	  Natural	  green	  tea	  extract	  with	  a	  high	  content	  of	  polyphenols	  were	  previously	  shown	  to	  
have	  many	  benefits	  onto	  human	  skin	  and	  hair:	  anti-­‐oxidant6,	  anti-­‐tumor7,	  hairloss	  prevention	  and	  hair	  growth	  
stimulation8	  as	  well	  as	  photoprotective9	  properties.	  Iron	  ion	  used	  in	  hair	  care	  products	  has	  been	  attributed	  to	  
act	  a	  mordant	  which	  has	  capability	  to	  stabilize	  protein-­‐ligand	  interactions10-­‐12	  and	  in	  particular	  natural	  dyestuff	  
with	  the	  main	  protein	  of	  human	  hair	  providing	  a	  permanent	  colour.13,14	  Other	  molecules	  with	  experimentally	  
observed	  benefits	   in	  personal	   care	  products	   involve	   citric	   acid15	   and	  oleic	   acid.16	   Stratum	  corneum	   (SC),	   the	  
outermost	  skin	  layer	  of	  the	  epidermis	  constitutes	  the	  main	  barrier	  for	  skin	  permeation.	  The	  main	  protein	  of	  SC	  
is	  known	  to	  be	  keratin.	  Keratin	  accounts	  of	  over	  80%	  17	  of	  the	  outermost	  skin	  layer	  dry	  mass	  and	  65	  to	  95%	  18	  
of	  hair.	  Keratin	  is	  the	  main	  structural	  protein	  responsible	  for	  the	  appearance	  and	  physicochemical	  properties	  
of	  skin	  and	  hair.	  It	  is	  mainly	  composed	  of	  alpha	  helical	  structure	  which	  is	  the	  most	  common	  motif	  in	  globular	  
proteins.19	   	   The	   strength	   of	   the	   interactions	   as	   well	   as	   structural	   basis	   (binding	   sites	   and	   conformational	  
changes)	   between	   small	   actives	   and	   the	   most	   prevalent	   helical	   motif	   part	   of	   keratin	   is	   a	   key	   subject	   in	  
understanding	  their	  role	  and	  remain	  unknown.	  	  
Elastic	   properties	   of	   human	   skin	   are	   directly	   related	   to	   the	   interactions	   of	   keratin	   intermediate	   filaments	  
(IFs).	  Keratin	  IFs	  are	  composed	  by	  pairing	  acidic	  and	  basics	  keratin	  chains	  providing	  a	  50	  nm	  in	  length	  and	  8	  nm	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in	   diameter	   bundle.20,21	   Natural	   moisturizing	   factor	   (NMF)	   composed	   of	   free	   amino	   acids	   and	   ions	   was	  
previously	  shown	  to	  have	  beneficial	  influence	  on	  the	  skin	  elasticity	  and	  its	  moisturizing	  properties.22	  	  
Due	   to	   the	  system	  size,	  MD	  simulations	   involving	   interactions	  between	   IFs	  with	  application	  of	  NMF	  solution	  
(small	   molecules)	   using	   atomistic	   force	   fields	   with	   explicit	   solvent	   have	   unreachable	   time	   scales.	   A	   coarse-­‐
graining	  approach	  has	  capability	  to	  overcome	  this	  issue	  and	  can	  be	  applied	  in	  order	  to	  develop	  a	  specific	  case	  
force	   field.	   In	   coarse-­‐graining,	   specified	   group	   of	   atoms	   is	   represented	   as	   a	   one	   sphere	   which	   significantly	  
improves	  the	  simulation	  performance.	  Hence,	  the	  challenge	  lies	  in	  building	  and	  applying	  a	  coarse-­‐grained	  force	  
field	  with	  the	  above	  implementation.	  	  
	  
1.1. Aims	  and	  Objectives	  
	  
	  	  	  	  	  The	   aim	   of	   this	   thesis	   is	   to	   employ	   MD	   simulations	   in	   order	   to	   investigate	   the	   thermodynamic	   and	  
conformational	   changes	   of	   small	   active	  molecules	  with	   varying	   properties	   binding	   to	   the	  main	   biosubstrate	  
protein	   of	   human	   skin	   and	  hair	   (keratin).	   In	   this	  work	   it	   is	   aimed	   to	   explain	   in	  more	  details	   and	   to	   validate	  
experimental	  work	  conducted	  at	  the	  same	  time	  by	  Dr	  Yanyan	  Zhao	  (China	  Agricultural	  University)	  who	  studied	  
keratin-­‐small	  molecules	   interactions.	   In	   addition,	   the	   objective	  was	   to	   assess	   the	   observed	   fast	   free	   energy	  
protocol	   observed	   for	   keratin-­‐EGCG	   system	   for	   small	   molecules	   with	   varying	   properties	   binding	   the	   most	  
prevalent	  secondary	  structure	  motif	  (α-­‐helix)	  of	  keratin.	  On	  the	  top	  of	  this	  the	  aim	  was	  to	  develop	  and	  apply	  
the	  coarse-­‐grain	  force	  field	  for	  the	  outermost	  skin	   layer	  (SC)	  which	  would	  enable	  orders	  of	  magnitude	  faster	  
than	   all-­‐atom	   force	   fields	   simulations	   and	   predictions	   of	   skin	   elastic	   properties.	   The	   experimental	   work	  
conducted	   by	   Dr	   Alfonso	   De	   Simone	   (Imperial	   College	   London)	   was	   used	   to	   confirm	   the	   observed	   (within	  
coarse-­‐grain	  and	  atomistic	  MD)	  secondary	  structure	  of	  the	  studied	  surrogate	  polypeptide.	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In	  particular,	  the	  objectives	  of	  this	  thesis	  within	  MD	  have	  been	  defined:	  
	  
1. Investigate	   molecular	   and	   thermodynamic	   basis	   for	   keratin-­‐EGCG	   interactions	   validating	  
experimental	  data	  (Chapter	  IV)	  
The	  objective	  of	  this	  chapter	  is	  to	  study	  interactions	  of	  the	  main	  active	  green	  tea	  polyphenol	  EGCG	  
(epigallocatechin-­‐3-­‐gallate)	   with	   skin	   keratin	   using	   MD	   simulation	   framework	   and	   to	   provide	  
detailed	   insight	   into	   experimental	   results.	   Dr	   Yanyan	   Zhao	   (China	   Agricultural	   University)	   within	  
ultrafiltration	  method	  observed	  the	  multilayer	  assembly	  of	  EGCG	  molecules	  on	  the	  keratin	  surface.	  
Using	   isothermal	   titration	   calorimetry	   (ITC)	   the	   binding	   free	   energy	   at	   298K	   was	   provided.	   All	  
experimental	  results	  are	  presented	  in	  Appendix	  I.	  Hence,	  the	  main	  challenge	  of	  this	  chapter	  was	  to	  
validate	  multilayer	  binding	  of	  EGCG	  as	  well	  as	  the	  free	  energy	  using	  MD.	  With	  this	  information	  the	  
more	   detailed	   insight	   in	   comparison	   to	   experiment	   was	   aimed:	   the	   assessment	   of	   the	   type	   of	  
interactions	   involved	   as	   well	   as	   residues	   with	   the	   highest	   binding	   affinity.	   Although	   in	   the	   free	  
energy	   calculations	   the	   only	   one	   reaction	   coordinate	   (distance	   perpendicular	   to	   the	   helical	   axis)	  
was	   studied	   a	   good	   agreement	   between	   experiment	   and	   simulations	   was	   gained.	   MD	   model	  
involves	  fast	  free	  energy	  predictions	  for	  keratin-­‐EGCG	  system	  using	  pulling	  simulations	  alone	  –	  the	  
linear	  correlation	  of	  the	  rupture	  force	  obtained	  from	  steered	  molecular	  dynamics	  (SMD)	  versus	  the	  
binding	  free	  energy.	  
	  
	  
2. Investigate	  Fe2+	  –	  wool	  keratin	  complex	  validating	  experimental	  ITC	  study	  (Chapter	  V)	  
The	  main	  challenge	  of	   this	  part	   is	   to	  provide	  more	  detailed	  atomistic	  and	   thermodynamic	   insight	  
into	   the	   experimental	   data	   for	   the	   ferrous	   ion	   interacting	   with	   wool	   keratin.	   The	   experimental	  
results	   obtained	  by	  Dr	   Yanyan	   Zhao	  using	   ITC	   (presented	   in	  Appendix	   II)	  were	   best	   fitted	   by	   the	  
“one	   set	   of	   identical	   site	   model”.	   In	   addition,	   the	   binding	   free	   energies	   at	   three	   different	  
temperatures	   as	   well	   as	   significant	   entropic	   contribution	   were	   obtained.	   Thus	   the	   aim	   of	   this	  
chapter	   was	   to	   assess	   and	   define	   the	   binding	   sites	   involved	   in	   this	   interaction,	   validate	   free	  
energies	  as	  well	  as	  explain	  the	  entropic	  contribution.	  In	  MD	  simulations	  the	  nonbonded	  model	  with	  
Lennard-­‐Jones	  potential	  for	  iron	  (II)	  ion	  was	  tested.	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It	   appeared	   that	   the	   simplest	  nonbonded	  model	  provided	   a	   surprising	  great	   agreement	  between	  
experimental	   free	   energies	   and	   those	   obtained	   by	   simulations.	   	   In	   addition,	   MD	   simulations	  
explained	  the	  “one	  set	  of	  binding”	  site	  model	  used	  to	  interpret	  the	  experimental	  data	  as	  well	  as	  the	  
significant	   entropic	   contribution	   in	   terms	   of	   displacement	   of	   water	   molecules	   from	   the	   binding	  
pocket.	  
	  
	  
3. Build	  a	  fast	  free	  energy	  method	  for	  small	  molecule	  –	  α-­‐helix	  interactions	  (Chapter	  VI)	  
The	  aim	  of	  this	  chapter	  was	  to	  test	  the	  linear	  correlation	  of	  the	  rupture	  force	  versus	  the	  free	  energy	  
observed	  for	  keratin-­‐EGCG	  system	  (Chapter	  IV)	  for	  other	  small	  molecules	  with	  significantly	  varying	  
properties	  (octanol/water	  partition	  coefficient	  and	  protonation	  states),	  binding	  the	  helical	  motif	  of	  
keratin.	   In	   addition,	   it	   was	   aimed	   to	   assess	   the	   type	   of	   interactions	   involved,	   provide	   structural	  
basis	  and	  compare	  obtained	  free	  energies	  to	  existing	  experimental	  data.	  Using	  steered	  molecular	  
dynamics	  (SMD)	  with	  conserved	  pulling	  conditions	  (loading	  rates,	  reaction	  coordinate)	  according	  to	  
keratin-­‐EGCG	   system,	   it	   was	   observed	   that	   the	   rupture	   force	   versus	   the	   free	   energy	   correlation	  
works	   for	  4	  out	  of	  8	  molecules	  studied	  herein.	   It	  was	  shown	  that	  molecules	  which	  did	  not	   follow	  
the	  correlation	  have	  properties	  which	  significantly	  vary	  from	  EGCG	  i.e.	  have	  overall	  charge	  greater	  
than	   ±1	   (citrate,	   hydrogen	   citrate,	   Fe2+)	   or	   they	   octanol/water	   partition	   coefficient	   is	   very	   high.	  
Although	   the	   model	   does	   not	   involve	   many	   molecules,	   this	   protocol	   provides	   a	   promising	  
methodology	  for	  fast	  free	  energy	  predictions	  with	  future	  implementation	  for	  other	  systems.	  
	  
	  
4. Build	  and	  apply	  a	  coarse	  grain	  force	  field	  for	  elastic	  properties	  of	  human	  skin	  (Chapter	  VII)	  
The	   objective	   of	   this	   chapter	  was	   to	   build	   and	   apply	   the	   coarse-­‐grain	   force	   field	   for	   interactions	  
between	   keratin	   intermediate	   filaments	   which	   are	   directly	   related	   to	   the	   elastic	   properties	   of	  
human	  skin.	  Within	   the	  coarse	  grained	   representation	   it	  was	  aimed	   to	   reproduce	  explicit	   solvent	  
atomistic	  simulation	  by	  the	  use	  of	  “water	  free”	  force	  field	  with	  tabulated	  non-­‐bonded	  and	  bonded	  
potentials	  which	  will	  significantly	  save	  the	  computational	  time.	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In	  addition	  the	  objective	  was	  to	  assess	  the	  influence	  of	  the	  natural	  moisturizing	  factor	  (NMF)	  on	  the	  
interactions	  between	  keratin	  intermediate	  filaments	  (IFs).	  The	  coarse-­‐grain	  model	   involving	  water	  
within	  tabulated	  potentials	  based	  on	  the	  all	  atom	  simulation	  in	  explicit	  solvent	  was	  developed.	  The	  
force	  field	  was	  applied	  validating	  existing	  experimental	  data.	  The	  secondary	  structure	  of	  the	  keratin	  
terminal	  surrogate	  was	  experimentally	  validated	  by	  Dr	  Alfonso	  De	  Simone	  using	  circular	  dichroism	  
(CD).	  Experimental	   results	  are	  presented	   in	  Appendix	   III.	   In	  addition	   the	   influence	  of	  NMF	  on	  the	  
elastic	  properties	  of	  skin	  was	  assessed.	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CHAPTER	  II	  
	  
Literature	  Review	  
	  
	  
	  
The	   relevant	   literature	   of	   this	   thesis	   is	   reviewed	  within	   this	   chapter.	   First,	   the	   importance	   of	   the	   binding	  
affinity	  followed	  by	  the	  benefits	  of	  small	  molecules	   interacting	  with	  proteins	  is	  presented.	  Subsequently,	  the	  
anatomy	  of	  human	  skin	  and	  hair	  as	  well	  as	  the	  role	  of	  their	  main	  protein	  –	  keratin	  is	  extensively	  depicted.	  
	  
	  
2.1. Binding	  of	  Small	  Molecules	  
	  
The	   propensity	   of	   small	   molecules	   (ligands)	   binding	   macromolecules	   (e.g.	   proteins)	   is	   quantified	   by	   the	  
binding	  free	  energy	  difference GΔ directly	  related	  to	  the	  binding	  constant aK :	  	  
	  
aKRTG ln−=Δ 	   	   	   	   	   (2.1)	  
	  
Where,	   R is	  the	  universal	  gas	  constant	  and	  T denotes	  the	  temperature.	  The	  binding	  constant	  determines	  
the	  equilibrium	  concentration	  of	  free	  ligand ][L ,	  protein	   ][P and	  protein-­‐ligand	   ][PL complex:	  
	  
]][[
][
LP
PLKa =
	   	   	   	   	   (2.2)	  
With	  known	  equilibrium	  concentration	  of	  all	  species	   it	   is	  possible	  to	  predict	  the	  required	  concentration	  of	  
the	  applied	  compound.	  Hence,	  the	  free	  energy	  plays	  a	  key	  role	  in	  pharmaceutical	  industry	  and	  drug	  discovery	  
branch.	  It	  is	  also	  fundamental	  in	  the	  intestinal	  absorption23,	  transdermal	  permeation17,24-­‐28	  as	  well	  as	  skin	  and	  
hair	  care	  applications.29,30	  
Natural	   ingredients	   (plant	   actives)	   have	   recently	   gained	   a	   wide	   popularity	   due	   to	   their	   nearly	   non-­‐toxic	  
properties	   as	   well	   as	   large	   number	   of	   attributed	   benefits,	   such	   as	   anti-­‐oxidant,	   anti-­‐tumor	   and	   anti-­‐
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inflammatory.30-­‐41	   For	   instance,	   some	   of	   those	   molecules	   involve	   polyphenols42,	   iron	   compounds10-­‐12,	   citric	  
acid15	  and	  oleic	  acid.16	  
Polyphenols	  are	  found	  in	  food,	  plants	  and	  beverages.	  Tea	  is	  one	  of	  the	  most	  widely	  consumed	  beverages	  in	  
the	   world	   which	   is	   abundant	   in	   catechins	   (polyphenols).	   Green	   tea	   catechins	   have	   been	   reported	   to	   have	  
antioxidant6,43-­‐46	   and	   antimutagenic47-­‐52	   properties.	   Studies	   have	   also	   detected	   an	   association	   between	  
applications	  of	  polyphenols	  and	  decreased	  cancer	   risk.53-­‐56	  The	  anti-­‐tumor	  effect	  of	  green	   tea	  has	  also	  been	  
shown.7,57,58	  Catechins	  are	  often	  used	  in	  skin	  personal-­‐care	  products	  acting	  as	  powerful	  antioxidants	  which	  are	  
able	  to	  protect	  skin	   from	  ultraviolet	  damage.59,60	  Catechins	  are	  believed	  to	  be	  able	  to	  penetrate	  skin	  quickly	  
and	  give	  hydration	  benefit	  without	  a	  greasy	   feel.42	  Green	   tea	  polyphenols	  have	  also	  been	  attributed	   to	   skin	  
anti-­‐ageing	   properties61	   which	   are	   associated	   with	   eliminating	   fine	   lines,	   scars	   and	   pigmentation	   and	   the	  
appearance	  of	  pores.62,63	  Polyphenols	  can	  reduce	  cellulite	  and	  are	  excellent	  as	  anti-­‐bacteria	  agents	  for	  treating	  
pimples	  and	  acne.64	  Furthermore,	  they	  are	  able	  to	  prevent	  foot	  and	  body	  from	  odour,	  due	  to	  their	  anti-­‐fungal	  
property.65	   Tea	   extracts	   are	   also	   used	   in	   hair	   care	   products.	   They	   are	   able	   to	   treat	   dyed,	   damaged	   and	  
chemically	  treated	  hair	  providing	  them	  with	  a	  shine,	  softness	  and	  smoothness.8	  It	  was	  previously	  reported	  that	  
tea	  catechins	  have	  hairloss	  prevention	  property	  and	  are	  able	  to	  stimulate	  the	  hair	  growth.8,	  66	  Tea	  polyphenols	  
consists	  of	  four	  main	  catechins:	  EC,	  ECG,	  EGC	  and	  EGCG	  which	  are	  presented	  in	  Figure	  2.1.	  
	  
	  
	  
Figure	  2.1.	  The	  structure	  of	  main	  green	  tea	  catechins.67	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The	   major	   constituent	   (50-­‐80%	   of	   all	   tea	   catechins)	   and	   the	   most	   active	   polyphenol	   of	   green	   tea	   is	  
epigallocatechin-­‐3-­‐gallate	   (EGCG).68	   The	   eight	   phenolic	   groups	   of	   EGCG	   can	   serve	   hydrogen	   bond	   to	  
biomolecules.	   The	   octanol-­‐water	   partition-­‐coefficient	   logP	   =	   2.0869	   of	   EGCG	   may	   suggest	   its	   hydrophobic	  
interactions	   with	   macromolecules.	   However,	   EGCG	   is	   a	   hydrophilic	   molecule	   being	   poorly	   soluble	   in	   lipid	  
systems.175	   Previously,	   EGCG	   has	   been	   shown	   to	   bind	   to	   salivary	   proline-­‐rich	   proteins70,71,	   fibronectin	   and	  
fibrinogen	   and	   histidine-­‐rich	   glycoproteins72,	   and	   more	   recently	   to	   protein	   such	   as	   the	   67	   kDa	   laminin	  
receptor.73	  Results	  have	  also	  shown	  that	  EGCG	  has	  a	  high	  binding	  affinity	  to	  type	  III	   Intermediate	  Filament	  –	  
Vimentin.74	   It	   has	   been	   previously	   investigated	   that	   the	   hydrophobic	   interaction	   and	   hydrogen	   bonds	   are	  
crucial	   in	  binding	  mechanism	  of	  EGCG	  to	  Amyloid	  β-­‐Peptide.75	  Recently,	  Zhao	  et	  al.23	  showed	  experimentally	  
that	  EGCG	  binds	  to	  gastric	  mucin	  by	  a	  combination	  of	  hydrophobic	  interactions	  and	  hydrogen	  bonding.	  In	  their	  
study,	  multilayer	  binding	  of	  polyphenol	  was	  observed	  by	  ultrafiltration.	  Their	   isothermal	  titration	  calorimetry	  
(ITC)	  data	  provided	  the	  binding	  affinity	  decrease	  with	  the	  temperature	  increase.	  
Iron	   ion	   plays	   a	   fundamental	   role	   in	   many	   biological	   processes:	   dioxygen	   transport,	   electron	   transfer,	  
oxidation	  or	  in	  stabilization	  of	  pharmaceuticals	  with	  protein	  complexes.10-­‐12	  In	  hair	  and	  textile	  dyeing	  industry	  
iron	  plays	  a	  significant	  role	  as	  a	  mordant	  providing	  hair	  with	  a	  more	  permanent	  colour.13,14	  Many	  proteins	  have	  
capability	   to	   uptake,	   transport,	   storage	   and	   export	   the	   iron.76-­‐79	   High	   water	   soluble	   iron	   compounds	   e.g.	  
ferrous	   sulphate	   or	   ferrous	   gluconate,	  were	   shown	   to	   have	   higher	   bioavailability	   than	   poorly	  water	   soluble	  
ones	   and	   hence	   they	   are	   often	   used	   instead.76	   Ferrous	   ion	   was	   experimentally	   reported	   to	   be	   involved	   in	  
binding	   to	  Escherichia	   coli	   ferritin80	   and	   yeast	   frataxin.81	   Previous	   ITC	   study	   on	   Fe2+	   binding	   to	   recombinant	  
human	  H-­‐Chain	  ferritin82	  demonstrated	  large	  positive	  entropy	  changes.	  The	  free	  energy	  obtained	  by	  their	  ITC	  
measurements	  was	  fitted	  by	  one	  set	  of	  identical	  binding	  site	  model	  obtaining	  the	  value	  of	  -­‐7.09	  kcal	  mol-­‐1	  at	  
25°C	  and	  pH	  6.5.	  Jurinovich	  et	  al.83	  using	  quantum	  mechanical	  –	  molecular	  mechanical	  (QM/MM)	  reported	  the	  
possibility	  of	   three	  different	   interactions	  between	   ferrous	   ion	   and	  an	   -­‐helical	  wool	   keratin	  peptide	   and	   side	  
chain	  functional	  groups	  were	  reported	  to	  be	  the	  most	  stable	  conformation.	  However,	  this	  QM/MM	  simulation	  
was	   based	   upon	   an	   ideal	   protein	   environment	   and	   the	   solvent	   effects	   were	   neglected.	   Both	   the	   binding	  
thermodynamic	   properties	   and	   structural	   binding	   site	   assessment	   between	   keratin	   a-­‐helix	   and	   ferrous	   ion	  
remained	  unknown.	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2.2. The	  Outermost	  Skin	  Layer	  -­‐	  Stratum	  Corneum	  
	  
Human	  skin	  acts	  as	  a	  major	  protection	  for	  our	  body.	  It	  is	  the	  biggest	  organ	  of	  the	  integumentary	  system	  and	  
has	  the	  area	  of	  approximately	  1.6	  –	  1.8	  m2.84	  The	  main	  function	  of	  the	  skin	  is	  to	  retain	  water	  inside	  the	  body	  
and	  protect	  it	  from	  external	  substances.	  The	  epidermis	  is	  the	  outer	  layer	  of	  the	  skin	  which	  builds	  up	  the	  cutis	  
together	  with	   the	  dermis.	   The	   structure	  of	   epidermis	   is	  presented	   in	   Figure	  2.2.	   It	   is	  made	  of	  5	  main	   layers	  
starting	   from	   the	   outermost:	   Stratum	   corneum,	   stratum	   lucidum,	   stratum	   granulosum,	   stratum	   spinosum,	  
stratum	  basale.	  
	  
	  
Figure	   2.2.	   The	   structure	   of	   the	   epidermis	   starting	   from	   the	   outermost	   layer:	   Stratum	   corneum,	   stratum	  
lucidum,	  stratum	  granulosum,	  stratum	  spinosum,	  stratum	  basale.85	  
	  
	  
Benefits	  which	  were	  attributed	  to	  small	  molecules	  are	  related	  to	  the	  lower	  layers	  of	  human	  skin.	  Hence,	  the	  
transdermal	  delivery	  of	  drugs	  and	  skincare	  applications	  depend	  on	  the	  biology	  and	  structure	  of	  the	  outermost	  
skin	  layer	  –	  stratum	  corneum	  (SC).	  The	  strength	  of	  the	  interactions	  between	  topically	  applied	  substances	  and	  
the	  SC	  thus	  regulates	  their	  concentration	  in	  deeper	  parts	  of	  the	  skin.	  
The	   principal	   role	   of	   SC	   is	   controlling	   the	   barrier	   function	   against	   invasion	   of	   foreign	   substances	   and	   the	  
ability	   of	   the	   skin	   to	   retain	   the	   water.86	   SC	   is	   composed	   of	   dead,	   flattened	   layers	   of	   corneocytes	   and	  
intracellular	   lamellae.	   Corneocytes	   constitute	   the	   final	   product	   of	   epidermal	   keratinocytes	   which	   is	  
continuously	   being	   renewed.	   Throughout	   this	   lifecycle	   cells	   vary	   in	   their	   shape	   and	   composition	   until	   the	  
migration	  to	  the	  outer	   layers	  of	  the	  epidermis	  where	  they	  fall	  away.	  Approximately	  twenty	  days	  are	  needed	  
for	  the	  migration	  and	  maturation	  of	  keratinocytes	  from	  the	  basal	  layer	  to	  form	  the	  corneocytes	  in	  the	  stratum	  
corneum.87	   Corneocytes	   are	   about	   1	   µm	   thick	   with	   50	   µm	   diameter.25	   The	   results	   showed	   that	   healthy	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corneocytes	  are	  anucleated	  and	  form	  a	  series	  between	  10	  to	  20	  layers	  (depending	  on	  the	  site	  in	  the	  body).	  The	  
major	  constituent	  of	  the	  SC	  is	  protein	  -­‐	  keratin.	  Keratinisation	  or	  cornification	  is	  the	  process	  of	  converting	  the	  
material	  of	  epidermal	  cell	  into	  keratin.	  Keratin	  intermediate	  filaments	  (IFs)	  constitute	  approximately	  85-­‐90%	  of	  
the	   dry	  mass	   of	   the	   stratum	   corneum.26,27	   The	   organization	   of	   the	   keratin	   intermediate	   filaments	   plays	   the	  
most	   important	   role	   as	   a	   barrier	   property	   of	   skin	   which	   include	   holding	   of	   water,	   skin	   appearance	   and	  
elasticity.88	  The	  results	  show	  that	  keratins	  fill	  the	  corneocyte	  cytoplasm	  forming	  keratin	  bundles	  aggregating	  in	  
a	  parallel	  pattern.	  	  
In	  Figure	  2.3	  stratum	  corneum	  is	  shown	  as	  a	  bricks-­‐and-­‐mortar	  model	  representation	  where	  corneocytes	  are	  
arranged	   like	   bricks	   in	   a	   lipid	   matrix	   which	   forms	   the	   mortar	   phase.27,28	   The	   most	   common	   keratin	   pair	  
expressed	  in	  SC	  is	  keratin	  1/keratin10	  (KRT1/KRT10).89,90	  
	  
	  
	  
Figure	  2.3.	   The	   schematic	   representation	  of	   the	   stratum	  corneum	  as	   the	  “brick	  and	  mortar	  model”.91	  Bricks	  
represent	  corneocytes	  and	  mortar	  the	  lipid	  matrix.	  Keratin	  bundles	  are	  expressed	  inside	  the	  corneocyte.	  
	  
Corneocytes	  are	  protected	  by	  surrounding	  cornified	  envelope	  which	  is	  the	  thin	  insoluble	  layer	  consisting	  of	  
many	  proteins	  (e.g.	  loricrin,	  involucrin	  and	  small	  proline-­‐rich	  proteins)	  which	  are	  cross-­‐linked	  to	  each	  other.88	  
The	  cornified	  envelope	  acts	  as	  a	  barrier	  against	  diffusion	  of	  external	  substances.	  Therefore,	  the	  binding	  affinity	  
of	   substances	   to	   the	   keratin	   intermediate	   filaments	  which	   are	   inside	   the	   corneocyte	   can	  be	  decreased.	   The	  
lipid	  channel	  (lipid	  matrix)	  which	  fills	  the	  extra-­‐cellular	  spaces	  between	  corneocytes	  consists	  of	  the	  three	  main	  
components:	   ceramide	   sphingolipids,	   cholesterol	   and	   free	   fatty	   acid.86	   The	   lipid	   matrix	   constitutes	  
approximately	  10-­‐15	  %	  dry	  mass	  of	  the	  SC.26,27	  
The	  pH	  of	  normal	  skin	  is	  acidic	  and	  varies	  from	  4.2	  to	  5.6.92	  The	  acidic	  property	  of	  the	  SC	  results	  from	  the	  
enzymes	   hydrolysing	   the	   phospholipids	   of	  membranes	  which	   generate	   free	   fatty	   acids.93	   The	   acidic	  mantle	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(sebum	   and	   perspiration	   which	   are	   on	   the	   skin	   surface)	   protects	   the	   skins	   from	   damage,	   sun,	   wind,	   the	  
colonization	  of	  bacteria	  and	  constitutes	  moisture	  barrier	  via	  the	  absorption	  of	  water	  by	  amino	  acids	  and	  salt.92	  
The	  main	  component	  of	  the	  skin	  is	  water.	  Water	  concentration	  in	  the	  stratum	  corneum	  plays	  a	  significant	  role	  
in	  the	  barrier	  property	  of	  skin	  as	  well	  as	  the	  skin	  appearance.	  This	  hydration	  state	  constitutes	  one	  of	  the	  crucial	  
factors	   for	   SC	   as	   a	   barrier	   function.	  Water	   as	   a	   natural	   component	   of	   SC	   affects	   its	   plasticity	   and	   acts	   as	   a	  
penetration	  enhancer.94	  The	  information	  on	  the	  gradient	  of	  water	  content	  in	  the	  outermost	  layer	  of	  the	  skin	  is	  
a	  crucial	  factor	  in	  the	  transdermal	  delivery	  of	  small	  molecules.	  “Apart	  from	  lipids	  and	  protein,	  water	  is	  another	  
major	  substance	   in	  stratum	  corneum	  and	   is	   secondary	   to	  keratinized	  corneocytes	   in	  mass”.27	  Water	  content	  
along	   the	   SC	   changes	   from	   approximately	   30%	   at	   the	   skin	   surface	   to	   approximately	   70%	   at	   the	   innermost	  
layer.95	  The	  average	  water	  concentration	  in	  vivo	  in	  SC	  (normal	  hydration	  level)	  is	  approximately	  30%.	  However,	  
in	  vitro	  it	  may	  vary	  from	  45	  to	  70%.	  	  
The	  results	  of	  Raman	  spectroscopy	  showed	  the	  sigmoidal	  shape	  of	  the	  water	  content	  versus	  the	  skin	  depth	  
(Figure	  2.4).	  95,96	  
	  
	  
	  
Figure	  2.4.	  Water	  concentration	  versus	  the	  skin	  depth	  investigated	  by	  Raman	  spectroscopy.96	  	  
	  
	  
Keratin	  intermediate	  filaments	  present	  within	  corneocytes	  are	  embedded	  in	  a	  “broth”	  which	  is	  a	  mixture	  of	  
water,	   free	   amino	   acids,	   ions	   and	   other	   non-­‐ionic	   compounds.	   This	   composition	   is	   often	   called	   “Natural	  
Moisturizing	   Factor”	   (NMF)	   which	   plays	   a	   crucial	   role	   in	   skin	   properties	   in	   terms	   of	   the	   transdermal	  
permeation,	  elasticity	  and	  moisture	  content.97-­‐100	  The	  decrease	  in	  the	  NMF	  concentration	  results	  in	  the	  dry	  and	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itchy	   skin	  which	  may	   cause	   further	   disorders	   and	   diseases.101	   For	   instance,	   the	   applications	   of	  water	   based	  
moisturizers	  causes	  the	  soak	  of	  SC	  layers	  obtaining	  illusion	  of	  moisturized	  skin.	  	  
That	  causes	  NMF	  to	  be	  diluted	  and	  evaporation	  of	  water	  becomes	  much	  higher.	  Water	  without	  the	  presence	  
of	  NMF	  has	  no	  capacity	   for	  providing	  elastic	  properties	   for	  human	  skin.	  The	  effect	  of	   the	  NMF	   in	  the	  SC	  has	  
been	  previously	  studied	  by	  Jokura	  et	  al.	  22	  using	  nuclear	  magnetic	  resonance	  (NMR)	  and	  electron	  microscopy.	  
It	   has	   been	   shown	   that	   in	   the	   absence	   of	  NMF	   keratin	   IFs	   associate	   stronger	   and	   the	   interactions	   between	  
keratin	  bundles	  are	   increased.	   In	  addition,	  the	  mobility	  of	   IF	  was	  reduced	  and	  the	   increase	  of	  water	  content	  
did	   not	   result	   in	   better	   elasticity	   without	   the	   presence	   of	   NMF.	   The	   greater	  mobility,	   the	   better	   SC	   elastic	  
properties	  as	  well	  as	  decreased	  attractive	  forces	  between	  keratin	  bundles	  were	  achieved	  with	  application	  of	  
the	  solution	  composed	  of	  free	  amino	  acids.	  The	  effect	  of	  different	  type	  of	  amino	  acids	  was	  assessed:	  neutral	  to	  
basic	  (glycine	  and	  lysine)	  provided	  with	  excellent	  SC	  elasticity	  improvement	  and	  acidic	  residues	  were	  shown	  to	  
have	  much	   lower	   capacity	   for	   the	  SC	  elasticity	   restoration.	  Those	   results	   showed	   that	   the	   role	  of	  NMF	   is	   to	  
prevent	   the	   attractive	   forces	   between	   keratin	   IFs	   providing	   the	   SC	   layer	   with	   elastic	   properties	   as	   well	  
moisturized	  healthy	  skin.	  The	  mechanism	  hypothesised	  by	   those	  experimental	   studies	   is	  presented	   in	  Figure	  
2.5.	  It	  is	  observed	  that	  without	  the	  presence	  of	  water	  extractable	  materials	  (NMF)	  there	  is	  a	  great	  association	  
between	  keratin	  IFs.	  
Akinshina	   et	   al.102	   developed	   a	  model	   based	   on	   the	   self	   consistent	   field	   theory	   (SCF)	   for	   the	   interactions	  
between	  keratin	  IFs	  in	  the	  SC	  (using	  the	  most	  abundant	  keratin	  pair:	  keratin	  1	  and	  10).	  By	  representing	  IFs	  as	  
charged	  surfaces	  with	  grafted	  unstructured	  keratin	  heads	  and	   tails	   it	  was	  claimed	   that	   terminal	   chains	  have	  
capacity	  of	  mediating	  weak	  attraction	  between	   IFs	  by	  electrostatics	  and	  bridging.	  The	  addition	  of	  NMF	  (free	  
amino	  acids)	  caused	  the	  lower	  attraction	  between	  keratin	  bundles.	  Results	  validated	  experimental	  studies	  by	  
Jokura	  et	  al.	  and	  were	  represented	  as	  volume	  fraction	  of	  given	  types	  of	  amino	  acids	  (polar,	  nonpolar,	  acidic,	  
basic	  and	  glycine)	  away	  from	  the	  keratin	  IF	  surface.	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Figure	  2.5.	  Mechanism	  of	  the	  elastic	  properties	  for	  human	  outermost	  skin	  layer	  keratin	  intermediate	  filaments	  
hypothesised	   by	   Jokura	   et	   al.22	   based	   on	   the	   experimental	   studies.	   Tubes	   represent	   keratin	   intermediate	  
filaments	  to	  which	  unstructured	  “heads”	  (N-­‐	  terminals)	  and	  “tails”	  (-­‐C	  terminals)	  are	  attached.	  Circles	  denote	  
natural	   moisturizing	   factor	   (NMF).	   It	   is	   proposed	   that	   the	   lack	   of	   the	   NMF	   causes	   a	   stronger	   interaction	  
between	  keratin	  bundles	  and	  their	  collapse	  –	   low	  elastic	  properties.	  With	  the	  presence	  of	  NMF	  the	  required	  
elasticity	  is	  reached	  lowering	  the	  attraction	  between	  filaments.	  
	  
	  
2.3. Hair	  Structure	  
	  
The	  major	   constituent	   of	   hair	   is	   protein	   -­‐	   keratin.	   Hair	   is	   a	   highly	   hydrophilic	   structure	  with	   capability	   to	  
absorb	   up	   to	   30%	   of	   its	   own	   weight	   of	   water.	   Hair	   fiber	   consists	   of	   65-­‐95	   %	   keratin	   proteins	   of	   its	   total	  
weight.18	  Figure	  2.6	  represents	  the	  structure	  of	  hair	  fiber	  with	  keratin	  arrangement.	  On	  the	  image	  (1)	  the	  cross	  
section	   of	   a	   hair	   fiber	   is	   presented.	   The	   cortex	   cells	   (cortical	   cells)	   are	   the	   main	   component	   of	   hair	  
follicile.103,104	  These	   long	  cells	  are	  connected	  together	   in	  a	  cement	  environment	  which	   is	  rich	   in	  proteins	  and	  
lipids.	  Small	  granules	  of	  melanin	  being	  responsible	  for	  the	  colour	  of	  hair	  can	  be	  also	  distiguished.18	  Cortex	  cells	  
are	  made	   of	   keratin	  macrofibrils	   (in	   parallel	   orientation)	   of	  which	   the	   cross	   section	   is	   shown	   on	   image	   (2).	  
Further	   magnification	   is	   shown	   in	   the	   image	   (3)	   of	   microfibrils	   (intermediate	   filaments)	   which	   form	   the	  
macrofibrils.	   Seven	   to	   ten	   tetramer	   units	   form	   the	   intermediate	   filaments	   which	   are	   made	   of	   four	   coiled	  
monomeric	  keratin	  chains.	  Keratins	  consist	  of	  a	  high	  concentration	  of	  cysteine	  which	  has	  a	  sulphur	  atom.	  Two	  
sulphur	  atoms	  from	  different	  cysteines	  form	  a	  covalent	  disulfide	  bonds.	  These	  bonds	  are	  responsible	  for	  the	  
stability	   of	   the	   tertiary	   structure	  of	   protein	   as	  well	   as	   the	  overall	   hair	   appearance	   (curly,	   straight,	   damaged	  
etc).105	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Figure	  2.6.	  The	  representation	  of	  keratin	  in	  the	  structure	  of	  the	  hair	  fiber.106	  
	  
The	   base	   of	   the	   hair	   follicle	   embedded	   in	   dermis	   constitutes	   a	   dermal	   papilla	   where	   the	   growth	   takes	  
place.107	  The	  bloodstream	  provides	  the	  papilla	  with	  nourishment	  in	  order	  to	  produce	  hair.	  	  
	  
A	  hair	  follicle	  is	  composed	  of:	  
• The	  lower	  part	  of	  hair	  follicle	  -­‐	  the	  onion-­‐shaped	  hair	  bulb,	  
• The	  inner	  root	  sheath	  
• The	  hair	  shaft:	  medulla,	  cortex,	  cuticle	  
• The	  outer	  root	  sheath	  
	  
In	  Figure	  2.7	  the	  structure	  of	  the	  hair	  follicle	   is	  presented.	  Different	  pairs	  of	  keratins	  type	  I	  and	  type	  II	  are	  
expressed	  within	  different	  parts	  of	  the	  hair	  follicle.	  This	  detail	  information	  was	  achieved	  by	  the	  use	  of	  indirect	  
immunofluorescence	   microscopy.108	   In	   this	   method	   the	   sample	   of	   the	   hair	   follicle	   is	   visualized	   by	   the	  
fluorescent	  microscope	  together	  with	  appropriate	  antibodies	  conjugated	  to	  the	  fluorescent	  labels.	  The	  primary	  
antibody	  by	  recognizing	  the	  target	  biomolecule	  binds	  to	   it.	   	  The	  secondary	  antibody	  being	  conjugated	  to	  the	  
fluorescent	   dye	   binds	   to	   the	   primary	   antibody	   localizing	   the	   target	   molecule.	   The	   microscope	   detects	   the	  
distribution	  of	  the	  target	  molecule	  across	  the	  hair	  follicle	  sample	  and	  provides	  its	  visualization.266	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Figure	  2.7.	  The	  structure	  of	  hair	  follicle	  with	  epithelial/hair	  keratins	  displayed	  in	  different	  parts.108	  
	  
New	   hair	   is	   formed	   inside	   the	   hair	   bulb.	   Each	   hair	   follicle	   possesses	   a	   cavity	  where	   the	   dermal	   papilla	   is	  
embedded.	   The	   lowest	   part	   of	   the	  bulb	   is	   responsible	   for	   production	  of	   new	   cells.	  During	   their	   growth	   and	  
development	   they	   continuously	   force	   the	   cells	   produced	   previously	   to	  move	   upwards.	   In	   the	   hair	   bulb	   the	  
special	  cells	  produce	  melanin	  pigment	  which	  provides	  hair	  with	  a	  color.18	  
The	  bulb	   consists	  of	   the	  hair	  matrix,	   the	   inner	   root	   sheath	  and	   the	  hair	   shaft	  which	   is	  made	  of:	  medulla,	  
cortex	   and	   cuticle.	   The	   medulla	   constitutes	   the	   innermost	   part.	   The	   cortex	   contains	   fibres	   which	   are	  
responsible	   for	   the	   strength	   and	   elasticity	   of	   hair.	   The	   cuticle	   is	   the	   thin	   outermost	   and	   providing	  with	   the	  
protection	   to	   the	  cortex.	  The	  outer	   root	   sheath	  surrounds	   the	   follicle	  and	  protects	   the	  hair	   shaft	  within	   the	  
follicle.108	  
As	  previously	  mentioned	  proteins	  account	  for	  65-­‐95%	  of	  the	  dry	  mass	  of	  human	  hair.	  Hair	  is	  mainly	  made	  of	  
hard	   keratins	   due	   to	   the	   high	   amount	   of	   sulphur	   (cysteine).109	   The	   disulfide	   covalent	   bonds	   are	   strong	   and	  
resistant	   to	  breaking	  apart.	  Their	  key	   role	   is	   the	  hair	  elasticity	  and	   resistance	   to	  damage	  under	   the	  external	  
stresses.	  Although	  disulfide	  bonds	  are	  known	  to	  strengthen	  the	  hair	  being	  resistant	  to	  applications	  of	  acid,	  it	  is	  
possible	  to	  break	  them	  by	  application	  of	  alkali	  solutions.	  This	  feature	  is	  used	  in	  straightening	  processes	  of	  hair	  
where	   new	   shape	   is	   achieved	  which	   then	   can	   be	   stabilized	   by	   the	   application	   of	   acid.	  Hence,	   following	   the	  
neutralization	  of	  the	  alkali	  the	  disulfide	  bonds	  reforms.	  The	  rebuilt	  disulfide	  bonds	  enable	  the	  hair	  to	  keep	  its	  
new	  shape.106	  
Water	  constitutes	  the	  integral	  part	  of	  the	  hair	  keratin	  structure.	  The	  water	  content	  of	  hair	  depends	  directly	  
on	  atmospheric	  humidity.	  Relative	  humidity	  is	  a	  term	  which	  is	  commonly	  used	  for	  describing	  the	  ratio	  of	  the	  
water	  vapour	  amount	  in	  the	  air	  at	  a	  specific	  temperature	  to	  the	  maximum	  amount	  that	  air	  can	  retain	  at	  this	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temperature.	   This	   is	   expressed	   as	   a	   percentage	   value.	   In	   Table	   2.1	   the	   water	   content	   of	   hair	   at	   different	  
relative	  humidity	  at	  approximately	  23˚C	   is	  presented.109	   It	   is	  observed	   that	   the	   increase	  of	   relative	  humidity	  
results	  in	  the	  greater	  water	  sorption	  and	  hence	  the	  water	  content.	  
	  
Table	  2.1.	  	  The	  moisture	  content	  of	  hair	  at	  different	  relative	  humidities.109	  
Relative	  
Humidity	  
Approximate	  water	  
content	  [%]	  
29.2	   6.0	  
40.3	   7.6	  
50.0	   9.8	  
65.0	   12.8	  
70.3	   13.6	  
	  
	  
The	  amount	  of	  moisture	  plays	  a	  crucial	  role	   in	  the	  physicochemical	  and	  cosmetic	  properties	  of	  hair	   fibres.	  
Hair	   keratins	   possess	   several	   hydrophilic	   side	   chains	   and	   peptide	   bonds	   which	   are	   responsible	   for	   water	  
attraction.	  It	  has	  been	  shown	  that	  at	  the	  low	  humidity	  the	  amino	  and	  guanidino	  groups	  are	  mainly	  responsible	  
for	   the	  water	   sorption	  by	  keratin	   fibres.	  However,	  other	   results	  provide	   the	   information	   that	  peptide	  bonds	  
play	   the	   key	   role	   in	   water	   sorption	   process.109	   The	   results	   from	   NMR	   of	   human	   hair	   show	   that	   the	   water	  
protons	  are	  hydrogen	  bonded	   to	  keratins	  presenting	  a	   lower	  mobility	   than	   in	   the	  bulk	   liquid.	  Below	  25%	  of	  
relative	  humidity	  the	  hydrophilic	  residues	  are	  occupied	  by	  water	  molecules	  via	  the	  hydrogen	  bonds.	  Above	  this	  
humidity,	   further	   attraction	  of	  water	   occurs	   resulting	   in	   a	   lower	  binding	   energy	  of	  water	  which	  has	   already	  
been	  absorbed	  by	  the	  keratin.	  At	  80%	  relative	  humidity	  and	  higher	  values	   the	  water	  on	  water	  phenomenon	  
becomes	  the	  key	  mechanism.109	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2.4. Keratins	  (Type	  I	  &	  II	  Intermediate	  Filaments)	  
	  
Keratins	   are	   fibrous	   proteins	   which	   are	   long	   chains	   of	   amino	   acids	   linked	   by	   covalent	   peptide	   bonds	  
connecting	   carbon	   atom	   of	   one	   amino	   acid	   and	   nitrogen	   of	   the	   consecutive	   one.	   Twenty	   amino	   acids	   are	  
involved	  in	  forming	  their	  structure.	  Keratins	  are	  the	  major	  component	  of	  human	  skin	  and	  hair.	  They	  are	  also	  
found	   in	  horns,	   claws,	  nails	   and	   feathers	  which	   suggest	   their	   strong	   structure.88,110	  Keratins	  are	  a	   significant	  
factor	  in	  the	  mechanical	  stability	  and	  integrity	  of	  epithelial	  cells	  and	  tissues.	  They	  protect	  epithelial	  cells	  from	  
mechanical	  and	  non-­‐mechanical	  stresses	  which	  are	  able	  to	  cause	  the	  death	  of	  the	  cell.	  	  
Furthermore,	  some	  keratins	  also	  have	  regulatory	  functions	  where	  they	  are	   involved	   in	   intracellular	  signalling	  
pathways,	   (e.g.	  protection	  from	  stress	  or	  wound	  healing).	  The	  keratins	  are	  the	  typical	  epithelia	   intermediate	  
filament	  proteins	  which	  show	  a	  very	  high	  degree	  of	  molecular	  diversity.	  It	  is	  well	  established	  that	  in	  humans	  54	  
functional	  keratin	  genes	  exist.111	  These	  heteropolymeric	  filaments	  are	  built	  by	  pairing	  type	  I	  and	  II	  molecules	  
forming	  a	  dynamic	  network	  of	  10-­‐12	  nm	  filaments.112	  Keratins	  of	  type	  I	  are	  acidic	  with	  a	  low	  molecular	  weight	  
ranging	   from	   40	   to	   64	   kDa.	   In	   contrast,	   type	   II	   keratins	   consist	   of	   natural-­‐to-­‐basic	   high	   molecular	   weight	  
proteins	  (from	  52	  to	  67	  kDa).	  The	  structure	  of	  monomeric	  keratin	  chain	  is	  shown	  in	  Figure	  2.8.	  All	  the	  keratins	  
possess	  the	  tripartite	  domain	  structure	  which	  is	  characteristic	  for	  intermediate	  filament	  (IF)	  proteins.	  
	  
	  
	  
	  
Figure	  2.8.	  Schematic	  representation	  of	  keratin	  tripartite	  domain:	  non-­‐helical	  head	  and	  tail	  and	  helical	  rod.113	  	  
	  
	  
The	   central	   α-­‐helical	   domain	   (“rod”)	   constitutes	   a	  major	   determinant	   of	   self-­‐assembly.	   At	   the	   N-­‐	   and	   C-­‐
termini	  the	  non-­‐helical	  “head”	  and	  “tail”	  domains	  are	  present.	  The	  nitrogen	  (N)	  and	  carbon	  (C)	  terminals	  vary	  
in	   structure	   and	   size.	   The	   α-­‐helical	   rod	   domain	   (length	   of	   approximately	   310	   amino	   acids)	   is	   interrupted	   at	  
three	  locations	  by	  non-­‐helical	   linkers	  L1,	  L12	  and	  L2.	  Monomeric	  keratin	  chain	  consists	  of	  α-­‐helical	  segments	  
1A,	  2B,	  2A,	  2B.	  Two	  monomeric	  units	  form	  a	  parallel	  left-­‐handed	  coiled-­‐coil	  dimer,	  two	  of	  which	  aggregate	  and	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create	  a	  tetramer	  (Figure	  2.9).	  Further	  assembly	  of	  tetramers	  involve	  formation	  of	  protofilaments.	  Four	  right	  
handed,	  rope-­‐like	  structures	  of	  protofilament	  dimers	  are	  the	  final	  conformations	  of	  intermediate	  filaments.	  
	  
	  
	  
Figure	  2.9.	  The	  structure	  of	  intermediate	  filament	  (IF).114	  
	  
Keratins	  are	  divided	  into	  two	  types:	  type	  I	  (“acidic”)	  and	  II	  (“basic	  and	  neutral”).	  Within	  last	  twenty	  years	  a	  
huge	   number	   of	   hair	   follicle-­‐specific	   epithelial	   keratins	   have	   been	   discovered.	   It	   is	   possible	   to	   distinguish	  
subfamily	  of	  keratin	  proteins.	  They	  can	  be	  divided	  them	  into	  "soft"	  keratins,	  which	  can	  be	  found	   in	  skin	  and	  
"hard"	   keratins	  which	   hair	   fibers	   and	  nails	   are	   composed	  of.	   This	   classification	   comes	   from	   the	   high	   to	   low	  
cysteine	   content	   in	   the	   keratin	   sequences	   where	   cysteines	   form	   disulfide	   covalent	   bonds	   making	   the	  
conformation	  more	   resistant	   to	  degradation.	  Contrary,	   “soft”	   keratins	   (low	  cysteine	   content)	   can	  be	  broken	  
down	  much	  easier	  being	  stabilized	  by	  hydrophobic	  forces	  and	  electrostatic	  interactions	  only	  (non-­‐covalent).	  
In	   2006	   the	   “Keratin	   Nomenclature	   Committee”	   established	   a	   novel	   consensus	   nomenclature	   for	  
mammalian	  keratin	  genes	  and	  proteins	  (Table	  2.2).115	  There	  are	  28	  type	  I	  keratin	  genes	  (17	  epithelial	  keratins	  
and	  11	  hair	  keratins)	  and	  26	  type	  II	  keratin	  genes	  (20	  epithelial	  keratins	  and	  6	  hair	  keratins).	  In	  total,	  54	  human	  
keratin	  genes	  exist.	  	  
	  
	  
	  
46 
 
Table	  2.2.	  The	  nomenclature	  of	  known	  mammalian	  keratins.115	  	  
	   Type	  I	   Type	  II	  
Keratin	  types	   New	  name	   Former	  name	   New	  name	   Former	  name	  
	  
	  
	  
	  
	  
	  
Epithelial	  keratins	  
K9	   K9	   K1	   K1	  
K10	   K10	   K2	   K2	  
K12	   K12	   K3	   K3	  
K12	   K12	   K4	   K4	  
K13	   K13	   K5	   K5	  
K14	   K14	   K6a	   K6a	  
K15	   K15	   K6b	   K6b	  
K16	   K16	   K6c	   K6e/h	  
K17	   K17	   K7	   K7	  
K18	   K18	   K8	   K8	  
K19	   K19	   K76	   K2p	  
K23	   K23	   K77	   K1b	  
K24	   K24	   K78	   K5b	  
	   	   K79	   K6l	  
	   	   K80	   Kb20	  
	  
Hair	  follicle-­‐specific	  epithelial	  
keratins	  (root	  sheath)	  
K25	   K25irs1	   K71	   K6irs1	  
K26	   K25irs2	   K72	   K6irs2	  
K27	   K25irs3	   K73	   K6irs3	  
K28	   K25irs4	   K74	   K6irs4	  
	   	   K75	   K6hf	  
	  
	  
	  
	  
	  
Hair	  keratins	  
K31	   Ha1	   K81	   Hb1	  
K32	   Ha2	   K82	   Hb2	  
K33a	   Ha3-­‐I	   K83	   Hb3	  
K33b	   Ha3-­‐II	   K84	   Hb4	  
K34	   Ha4	   K85	   Hb5	  
K35	   Ha5	   K86	   Hb6	  
K36	   Ha6	   	   	  
K37	   Ha7	   	   	  
K38	   Ha8	   	   	  
K39	   Ka35	   	   	  
K40	   Ka36	   	   	  
	  
	  
	  
	  
As	   described	   previously,	   keratins	   possess	   the	   alpha	   helical	   rod	   which	   is	   responsible	   for	   the	   keratin	  
arrangement.	  The	  alpha	  helix	  is	  the	  most	  common	  motif	  in	  the	  secondary	  structure	  of	  proteins	  and	  accounts	  
for	   about	   30%	   on	   average	   in	   globular	   proteins.116	   Helical	   conformation	   constitutes	   a	   right-­‐handed	   spiral	  
structure	   in	  which	   every	   amide	   group	  of	   amino	   acid	   (N-­‐H)	   forms	   a	   hydrogen	  bond	  with	  oxygen	  of	   carbonyl	  
(C=O)	  group	  of	  amino	  acid	  four	  residues	  earlier.	  The	  hydrogen	  bond	  is	  approximately	  0.19	  nm	  long	  and	  plays	  a	  
key	  role	  in	  stabilization	  of	  the	  secondary	  structure.	  The	  α-­‐helix	  consists	  of	  a	  3.6	  residues	  per	  turn	  with	  length	  
of	  0.54	  nm	  (Figure	  2.10).	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Figure	  2.10.	  The	  structure	  of	  α-­‐helix	  (O	  –	  oxygen,	  N	  –	  nitrogen,	  C	  –	  carbon,	  R	  –	  amino	  acid	  side	  chain,	  dotted	  
line	  represents	  the	  hydrogen	  bond	  stabilizing	  the	  secondary	  structure).117	  
	  
	  
The	  α-­‐helical	  conformation	  is	  the	  most	  uniform,	  common	  and	  predictable	  structure	  based	  on	  the	  sequence.	  
It	   was	   proposed	   by	   Linus	   Pauling	   and	   Robert	   Corey	   in	   the	   early	   1950s.118	   The	   α-­‐helix	   is	   also	   known	   as	   the	  
Pauling-­‐Corey	  helix.	  
As	  previously	  mentioned,	  keratins	  have	  a	  unique	  property	  by	  pairing	   in	  parallel	   into	  heterodimers	  –type	   I	  
and	   II	   (Figure	   2.11).	   They	   associate	  within	   helical	   rod	   domains	   into	   a	   coiled-­‐coil	   conformation.118	   These	   are	  
stable	  forms	  in	  which	  two	  α-­‐helix	  wrap	  around	  resulting	  in	  left	  handed	  coiled	  coil	  structure	  which	  is	  48	  –	  50	  nm	  
in	   length.	   It	   is	   possible	   to	   represent	   each	   α-­‐helical	   chain	   as	   a	   characteristic	   sequence	   of	   heptad	   repeat	  
“abcdefg”	  (Figure	  2.11).118	  This	  motif	  is	  repeated	  itself	  every	  seven	  amino	  acids	  along	  the	  chain.	  The	  residues	  
“a”	   and	   “d”	   (the	   first	   and	   the	   fourth)	   are	   known	   to	   be	   occupied	   by	   nonpolar	   amino	   acids	   building	   up	   a	  
hydrophobic	  core	  between	  α-­‐helices.	  Residues	  “e”	  and	  “g”	  (the	  fifth	  and	  the	  seventh)	  with	  opposing	  charges	  
attract	   each	   other	   by	   electrostatic	   interactions	   forming	   a	   “salt	   bridge”.	   Residues	   “b”,	   “c”	   and	   “f”	   are	  
hydrophilic	  exposed	  outside	  the	  coiled-­‐coil	  conformation.	  
	  
` 	  
	  
Figure	  2.11.	  Coiled-­‐coil	  conformation:	  A)	  Parallel	  arrangement	  of	  two	  helical	  chains,	  B)	  Axial	  projection.119	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The	   further	   level	   of	   aggregation	   of	   heterodimers	   involves	   formation	   of	   tetramers.	   They	   are	   formed	   by	  
antiparallel	   alignment	   of	   two	   coiled-­‐coils	   in	   one	   of	   the	   modes:	   dimers	   overlapping	   1B	   segments,	   dimers	  
overlapping	   2B	   segments,	   dimers	   overlapping	   1B	   and	   2B	   segments.120	   Keratin	   chains	   in	   each	   tetramer	   are	  
linked	   by	   covalent	   disulphide	   bonds	   and/or	   ionic	   as	   well	   as	   hydrogen	   bond.	   	   Although	   the	   strength	   of	   the	  
hydrogen	  bond	  is	  significantly	  weaker	  than	  the	  disulfide	  bond,	  the	  elasticity	  of	  keratins	  comes	  mainly	  from	  the	  
flexibility	   of	   hydrogen	  bonds	  which	   are	  much	   larger	   in	   number.	  Hence,	   hydrogen	  bonds	   responsible	   for	   the	  
keratin	  filaments	  stabilization	  are	  a	  key	  factor	  in	  maintaining	  the	  tertiary	  structure	  of	  these	  fibrous	  proteins.	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CHAPTER	  III	  
	  
Methodology	  
	  
	  
	  
	  
3.1. Introduction	  
	  
Nowadays,	  computational	  chemistry	  plays	  a	  key	  role	  in	  predicting	  thermodynamic	  and	  structural	  properties	  
in	  most	  of	  industry	  branches.	  Molecular	  simulations	  constitute	  perfect	  tools	  which	  give	  the	  opportunity	  to	  test	  
a	  theory.	  These	  computational	  methods	  enable	  scientists	  to	  follow	  the	  atomistic	  scale	  resolution	  which	  cannot	  
be	  observed	  using	  experimental	  techniques.	  The	  use	  of	  molecular	  simulations	  also	  results	  from	  the	  increasing	  
costs	  of	  experimental	  work	  as	  well	  as	  often	  extreme	  and	  unreachable	  conditions	  at	  the	  laboratorial	  level.	  For	  
instance,	   in	   predicting	   protein-­‐ligand	   binding	   free	   energy,	   isothermal	   titration	   calorimetry	   (ITC)	   cannot	   be	  
applied	  for	  very	  low	  or	  very	  high	  affinities	  –	  equilibrium	  association	  constant	  can	  be	  obtained	  at	  the	  range	  of	  
102	  –	  109	  M-­‐1.135	  That	  arises	  from	  the	  ITC	  sensitivity	  and	  thus	  a	  need	  of	  high	  concentrations	  of	  reactants	  where:	  
for	  low	  affinity	  interactions	  the	  heat	  capacity	  may	  not	  be	  correctly	  captured	  (low	  sensitivity)	  while	  for	  the	  high	  
affinity	   interactions	  may	   result	   in	   aggregation	   and	   hence	   non-­‐availability	   of	   the	   studied	   compounds.174	  MD	  
simulations	   provide	   an	   excellent	   opportunity	   to	   explore	   in	   details	   experimental	   results	   providing	   high	  
resolution	  of	  the	  studied	  system.	  
	  
3.2.	   Molecular	  Dynamics	  
	  
Molecular	  Dynamics	  (MD)	  is	  a	  computer	  simulation	  method	  which	  allows	  us	  to	  follow	  the	  motion	  (dynamics)	  
of	  all	  atoms	  and	  molecules	  in	  a	  given	  system.	  The	  positions,	  orientations	  and	  velocities	  which	  change	  over	  time	  
can	   be	   observed	   within	  MD	   simulations.	   This	   technique	   enables	   us	   to	   follow	   and	   to	   understand	   structural	  
(conformational)	  changes	  and	  dynamics	  of	  the	  molecules	  in	  a	  given	  system	  with	  a	  high	  degree	  of	  precision.	  The	  
ergodic	  hypothesis	  states	  that	  in	  the	  system	  which	  is	  sampled	  over	  the	  long	  period	  of	  time	  and	  its	  total	  energy	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is	  constant,	  all	  energy	  regions	  will	  be	  equally	  visited.	  The	  time	  average	  property	  of	  the	  system	  is	  equal	  to	  the	  
average	  over	  all	  energy	  states	  -­‐	  the	  whole	  phase	  space	  in	  terms	  of	  positions	  and	  momenta	  is	  sampled	  provided	  
that	   the	   simulation	   is	   run	  over	   a	   sufficient	   time.	  Hence,	   in	   biological	   systems	   the	   ergodic	   hypothesis	   allows	  
researchers	  to	  compare	  their	  time	  averaged	  results	  of	  e.g.	  binding	  affinity,	  heat	  of	  absorption,	  surface	  tension,	  
diffusivity	  etc.	  obtained	  from	  computer	  simulations	  with	  the	  experimental	  (ensemble	  averaged)	  data	  providing	  
better	   insight	   and	   understanding	   of	   the	   nature	   of	   the	   studied	   system.	   However,	   it	   should	   be	   noted	   that	  
computer	  simulations	  have	  limitations	  in	  terms	  of	  the	  size	  of	  the	  system	  and	  reachable	  time	  scales.	  Thus,	  many	  
methods	  were	  developed	  in	  order	  to	  improve	  sampling	  of	  the	  phase	  space	  by	  modifications	  of	  the	  Hamiltonian	  
e.g.	  metadynamics265,	  umbrella	  sampling	  (US)144-­‐145	  or	  replica	  exchange	  molecular	  dynamics	  (REMD).261	  
MD	   is	   often	   called	   a	   “virtual	  microscope”	   and	   is	  widely	   used	   in	   the	   study	   of	   biological	  molecules	   and	   in	  
materials	  science.	  MD	  numerically	  integrates	  classical	  Newton	  equations	  of	  motion:	  
	  
iii amF

= 	   	   	   	   	   	   (3.1)	  
	  
of	  atom i 	   in	  a	  system	  formed	  N	  of	  atoms.	   In	   the	  above	  equation	   im 	  stands	   for	  mass,	   the	  acceleration	   is	  
2
2
dt
rda ii =

	  (second	  derivative	  of	  the	  position	   ir 	  with	  respect	  to	  time	   t ,	  describing	  how	  velocity	  changes	  over	  
time)	  and	   iF

	  is	  the	  force	  which	  results	  from	  the	  interactions	  with	  other	  atoms.	  In	  Hamiltonian	  form	  it	  can	  be	  
written:	  
	  
i
i
i m
pr

 = 	   	   	   	   	   	   (3.2)	  
ii Fp
 = 	   	   	   	   	   	   (3.3)	  
	  
Equation	  (3.2)	  describes	  how	  the	  position	  changes	  in	  time	  (dot	  stands	  for	  time	  derivative)	  where ip

denotes	  
momentum.	  The	  force	  acting	  upon	  atom	   i 	   is	  equal	  to	  the	  change	  of	  momentum	  with	  respect	  to	  time	  as	  can	  
be	  observed	  in	  equation	  (3.3).	  The	  trajectory	  of	  the	  system	  is	  calculated	  as	  a	  6N	  –	  dimensional	  phase	  space,	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where	  3N	  stands	   for	  positions	  and	  3N	   for	  momenta.	  Forces	  on	  atoms	  come	   from	  the	   total	  potential	  energy	  
)( ii rV 	   (force	   field)	   of	   the	   system	   as	   presented	   in	   equation	   (3.4).	   Force	   is	   equal	   to	   changes	   of	   the	   total	  
potential	  energy	  with	  respect	  to	  the	  positions:	  
	  
i
i
i rd
rdVF )(−=

	   	   	   	   	   (3.4)	  
	  
In	  MD	   at	   each	   point	   of	   the	   calculations,	   6	   quantities	   are	   known	   for	   every	   atom:	   3	   positions	   (x,	   y,	   z)	   and	  
respective	  forces.	  The	  Hamiltonian	  formulation	  of	  Newtonian	  dynamics	  is	  represented	  by	  the	  total	  energy	  as	  
the	  sum	  of	  the	  total	  potential	  energy	  in	  terms	  of	  positions	  and	  total	  kinetic	  energy	  in	  terms	  of	  momenta:	  
	  
∑
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i
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prVprH
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
	  	   	   	   	   (3.5)	  
	  
The	   total	   energy	   given	   by	   Hamiltonian	   does	   not	   change	   with	   respect	   to	   in	   time	   because	   there	   are	   no	  
interactions	  with	  any	  external	  source	  of	  energy.	  Thus,	  the	  total	  energy	  of	  the	  system	  is	  conserved	  and	  remains	  
constant:	  
	  
0=
dt
dH 	   	   	   	   	   	   (3.6)	  
	  
The	  total	  potential	  energy	   )( irV in	  MD	  simulations	  constitutes	  an	  analytical	  expression	  which	  is	  a	  function	  
of	   all	   atomic	   positions.	   In	   order	   to	   calculate	   forces	   between	   atoms	   the	   interatomic	   potential	   is	   required	  
))(( iri rVF i−∇= .	  It	  can	  be	  written	  as	  the	  sum	  of	  different	  types	  of	  interactions	  between	  atoms:	  
	  
vdWCoulombboni VVVrV ++=)( 	   	   	   	   	   (3.7)	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The	  term	   bonV describes	  bonded	  interaction,	   CoulombV 	  electrostatic	  interactions	  and	   vdWV stands	  for	  van	  der	  
Waals	  potential.	  	  
The	  first	  term	   bonV 	  of	  the	  equation	  (3.7)	   in	  the	  Charm22121	  force	  field	  which	  was	  implemented	  within	  this	  
work	  describes	  atoms	  covalently	  bonded:	  	  
	  
BradleyUreyimproerstorsionsanglebondbonV −++++= φφφφφ 	   	   	   (3.8)	  
	  
The	   first	   term	   of	   the	   potential	   describes	   the	   energy	   corresponding	   to	   bond	   stretch.	   It	   is	   expressed	   as	   a	  
quadratic	  function,	  harmonic	  potential:	  
	  
20 )( bbkbbond −=φ 	   	   	   	   	   (3.9)	  
	  
,	   where	   b 	   stands	   for	   the	   bond	   length, bk for	   bond	   force	   constant	   and	   0b 	   represents	   equilibrium	   bond	  
distance.	   The	   potential	   energy	   which	   comes	   from	   angle	   bending	   between	   consecutive	   covalently	   bonded	  
atoms	  is	  described	  by	  the	  equation:	  
20)( θθφ θ −= kangle 	   	   	   	   	   (3.10)	  
	  
In	  the	  equation	  3.10,	   θk represents	  angle	   force	  constant,	  θ 	   is	   the	  angle	  and	   0θ equilibrium	  angle.	   In	  the	  
case	  that	  of	  four	  bonded	  atoms	  two	  planes	  can	  be	  defined:	  between	  atoms	   ji, 	  and	   k 	  and	  between	  atoms	  
kj, and	   l .	  The	  angle	  ϕ 	  between	  those	  two	  planes	  constitutes	  a	  dihedral	  angle.	  	  The	  dihedral	  angle	  potential	  
is	  described	  as:	  
	  
)]cos(1[ 0ϕϕφ ϕ −+= jktorsions nk 	   	   	   	   (3.11)	  
	  
ϕk is	  a	  dihedral	  force	  constant,	   jkn stands	  for	  multiplicity	  and	  
0ϕ represents	  the	  phase	  shift.	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Improper	  dihedrals	  are	  established	  in	  order	  to	  keep	  plane	  groups	  planar	  (e.g.	  aromatic	  rings):	  
	  
20)( ξξφ ξ −= ijklimpropers k 	   	   	   	   (3.12)	  
	  
The	   term	   ijklξ denotes	   the	   angle	   between	   two	   planes,	   ξk stands	   for	   the	   improper	   force	   constant	   and	  
0ξ
represents	  equilibrium	   improper	  angle.	  The	  Urey-­‐Bradley122,123	   term	  of	  bond-­‐angle	  vibration	   (angle	  bending)	  
using	  1,3	  nonbonded	  interactions	  between	  triplet	  of	  atoms	   kji ,, is	  described	  by	  a	  harmonic	  function:	  
	  
20)( ηηφ η −=− ijkBradleyUrey k 	   	   	   	   (3.13)	  
	  
,	  where	   ηk is	  the	  force	  constant,	   ijkη is	  the	  distance	  between	  atoms	   i and	   k (1,	  3	  atoms)	  in	  the	  harmonic	  
potential	  and	   0η stands	  for	  their	  equilibrium	  distance.	  	  
The	  non-­‐bonded	  potentials	  are	  described	  by	  electrostatics CoulombV 	  and	  van	  der	  Waals vdWV .	  Van	  der	  Waals	  
interactions	  are	  described	  by	  Lennard-­‐Jones	  potential	  which	  is	  expressed:	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,	  whereε 	  stands	  for	  the	  depth	  of	  the	  potential	  well,	  σ 	  is	  a	  finite	  distance	  when	  the	  inter-­‐atomic	  potential	  
is	  zero	  and	   ijr is	  the	  distance	  between	  atoms.	  The	  term	  
12−
ijr describes	  a	  repulsion	  while	  
6−
ijr is	  the	  attractive	  
long-­‐range	   term.	   That	   gives	   an	   approximation	   of	   repulsive	   and	   attractive	   forces	   between	   non-­‐covalently	  
bonded	  atoms.	  Van	  der	  Waals	  interactions	  cannot	  be	  calculated	  for	  two	  bonded	  atoms	  as	  the	  repulsive	  energy	  
would	  be	  very	  high.	   It	   is	  also	  not	  possible	  to	  implement	  those	  calculations	  between	  atoms	  separated	  by	  two	  
covalent	  bonds	  due	  to	  the	  short	  distance	  between	  them	  hence	  those	  interactions	  are	  excluded	  within	  Van	  der	  
Waals	   term.	   Atoms	   separated	   by	   three	   covalent	   bonds	   (1-­‐4	   interactions)	   depending	   on	   the	   force	   field	   are	  
either	  multiplied	  by	  a	  factor	  (<1)	  or	  possess	  specific	  Lennard-­‐Jones	  parameters.	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Non-­‐bond	  electrostatic	  interactions	  come	  from	  the	  different	  electronegativity	  of	  atoms.	  Different	  atoms	  can	  
share	  or	  take	  electrons	  from	  each	  other	  due	  to	  their	  partial	  charges	  which	  results	   in	  a	  constant	  exchange	  of	  
electrons	  between	  them.	  	  
	  
By	  the	  assumption	  of	  point	  charges	  of	  atoms	  the	  electrostatic	  energy	  can	  be	  described	  by	  the	  Coulomb	  law:	  
	  
∑
<
=
ji ij
ji
unitCoulomb r
qq
CV 	   	   	   	   	   (3.15)	  
The	  terms	   iq and	   jq are	  the	  charges	  of	  atoms	   i and j , ijr is	  a	  distance	  between	  them	  and	   unitC 	  is	  a	  Coulomb	  
force	  constant.	  The	  exclusions	  for	  the	  electrostatic	  interactions	  involve	  bonded	  atoms	  and	  those	  separated	  by	  
two	  or	  three	  covalent	  bonds	  depending	  on	  the	  force	  field.	  
By	  summing	  of	  all	  of	  the	  equations	  above	  the	  total	  potential	  energy	  (force	  field)	  is	  obtained:	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Different	   force	   fields	  depending	  on	  the	  nature	  of	   the	  system	  are	  available	   (e.g.	  proteins,	   lipids,	  alkanes	  etc).	  
Hence,	  the	  choice	  of	  the	  force	  field	  is	  one	  of	  the	  most	  important	  issues	  in	  MD	  simulations.	  For	  new	  molecules	  
or	  group	  of	  atoms	  the	  force	  field	  parametrization	  is	  necessary	  often	  by	  accompanying	  experiment.	  
The	  temperature	  of	  the	  system	  in	  MD	  is	  directly	  related	  to	  the	  average	  kinetic	  energy.	  The	  time	  average	  total	  
kinetic	  energy	   kinE is	  defined	  as:	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   (3.17)	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,	   where Bk is	   the	   Boltzmann	   constant,	   EN stands	   for	   the	   number	   of	   effective	   degrees	   of	   freedom	   (
33 −= NNE 	   -­‐	   in	   most	   cases	   the	   centre	   of	   mass	   is	   zero	   at	   time	   zero).	   Hence,	   each	   degree	   of	   freedom	  
contributes	   TkB2
1
which	  origins	  from	  the	  equipartition	  theorem.	  	  
	  
3.2.1. Steered	  Molecular	  Dynamics	  
	  
The	   stability	   of	   biomolecules	   in	   terms	   of	   inter-­‐	   and	   intramolecular	   forces	   is	   a	   crucial	   challenge	   in	  
understanding	   their	   conformational	   changes	   as	   well	   as	   their	   mechanical	   properties.	   The	   strength	   of	  
interactions	  of	  protein-­‐protein,	  protein-­‐ligand	  complexes124-­‐126	  is	  a	  key	  in	  predicting	  their	  binding	  propensities.	  
Steered	   molecular	   dynamics	   (SMD)	   is	   a	   simulation	   method	   which	   allows	   scientists	   to	   observe	   with	   the	  
atomistic	  resolution	  the	  unbinding	  process	  of	  biological	  complexes.	  SMD	  has	  been	  previously	  attempted	  and	  
implemented	  in	  many	  systems	  and	  results	  can	  be	  often	  compared	  to	  the	  experimental	  data	  from	  atomic	  force	  
microscope	   (AFM).127-­‐130	   SMD	   has	   been	   previously	   shown	   as	   a	   very	   predictive	   method	   in	   drug	   discovery	  
branch.131	   	   For	   instance,	   using	   Jarzynski	   equality132	   SMD	   is	   able	   to	   estimate	   the	   equilibrium	   thermodynamic	  
property	  (binding	  free	  energy)	  from	  hundreds	  of	  non-­‐equilibrium	  simulations.	   In	  SMD,	  a	  constant	  velocity	  or	  
force	  is	  applied	  to	  group	  of	  atoms	  (e.g.	  ligand	  bound	  to	  a	  protein	  surface)	  which	  attached	  to	  a	  “virtual	  spring”	  
(harmonic	  potential	  e.g.	  in	  one	  dimension	   20)()( llKxU SMD −= where,	   SMDK is	  the	  spring	  constant,	   l is	  the	  
reaction	  coordinate	  (distance),	   0l is	  the	  initial	  position	  of	  the	  ligand)	  is	  pulled	  away.	  Using	  SMD	  with	  constant	  
velocity	  	  (pulling	  rate)	  applied	  to	  the	  ligand,	  the	  external	  force	   F exerted133:	  
	  
)( 0 ltvlKF SMD −+= 	   	   	   	   (3.18)	  
	  
	  ,	  where	   v 	  is	  the	  pulling	  velocity	  and	   t is	  the	  time	  of	  the	  SMD	  simulation.	  During	  the	  pulling	  time	  the	  force	  
builds	   up	   to	   the	   breaking	   points	   where	   intermolecular	   forces	   (i.e.	   hydrogen	   bonds,	   salt	   bridges	   and/or	  
hydrophobic	   attraction)	   are	   no	   longer	   present	   and	   two	   molecules	   (protein	   and	   ligand)	   are	   separated.	   The	  
example	   of	   the	   force	   versus	   time	   profile	   for	   hydrogen	   bonding	   and	   hydrophobic	   governed	   interactions	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between	  ligand	  (EGCG)	  and	  protein	  (keratin)	  is	  shown	  in	  Figure	  3.1.134	  The	  force	  builds	  up	  over	  the	  simulation	  
time	   to	   the	   breaking	   point	   (maximum	   pulling	   force)	  where	   the	   hydrogen	   bond	  was	   broken	   and	   protein	   no	  
longer	   interact	  with	   the	   ligand.	   Hence,	   SMD	   simulations	   can	   provide	   the	   information	   about	   stability	   of	   the	  
interactions.	  
	  
	  
Figure	  3.1.	  The	  example	  of	  force	  versus	  time	  profile	  obtained	  from	  steered	  molecular	  dynamics	  with	  applied	  
constant	   velocity	   of	   0.01	   nm	   ns-­‐1	   to	   the	   centre	   of	   mass	   of	   ligand	   (EGCG)	   being	   within	   protein	   surface	  
(keratin).134	  	  
	  
	  
Previously,	  Mai,	  B	  K	  et	  al136,137	  proposed	  a	  linear	  correlations	  of	  the	  maximum	  pulling	  force	  (rupture	  force)	  
obtained	   from	   SMD	   simulations	   versus	   the	   binding	   free	   energy	   obtained	   from	   experiment	   and	   free	   energy	  
calculations	   within	   MD	   simulation	   for	   different	   ligand	   in	   the	   treatment	   of	   A/H1N1	   influenza	   virus.	   The	  
advantage	   of	   this	   linear	   dependency	   is	   that	   the	   ligand	   binding	   affinity	   can	   be	   obtained	   from	   short	   SMD	  
simulations	  (hundred	  of	  picoseconds	  to	  nanoseconds)	  instead	  of	  expensive	  and	  time	  consuming	  experiments	  
or	  free	  energy	  calculations	  within	  MD	  methods	  (hundred	  of	  nanoseconds	  to	  microseconds).	  
	  
3.2.2. Free	  Energy	  Calculations	  
	  
Free	  energy	   is	  one	  of	  the	  most	  desired	  thermodynamic	  property	   in	  simulations	  of	  biological	  systems.138,139	  
The	  difference	  between	  the	  final	  and	  initial	  state	  (the	  free	  energy	  difference)	  is	  a	  driving	  force	  of	  every	  process	  
e.g.	  the	  protein-­‐ligand	  binding.	  It	  involves	  the	  entropic	  and	  enthalpic	  contribution	  and	  is	  directly	  related	  to	  the	  
binding	   constant,	   the	   latter	   which	   provides	   the	   equilibrium	   concentration	   of:	   the	   unbound	   free	   ligand,	   the	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unbound	   protein	   and	   the	   protein-­‐ligand	   complex.	   Recently,	   there	   is	   increasing	   number	   of	   studies	   reporting	  
binding	   free	   energy	   calculations	   of	   small	   molecules	   to	   proteins	   via	   molecular	   dynamics	   (MD)	   and	   further	  
experimental	  validation.	  The	  progress	   in	  computational	  resources	  and	  gained	  promising	  agreement	  between	  
computer	   simulations	   and	   experiment	   reveals	   MD	   as	   a	   very	   predictive	   tool	   in	   the	   drug	   discovery	   branch.	  
Methods	   for	   the	   free	  energy	   calculations	   involve	  molecular	  mechanics/Poisson-­‐Boltzmann	   (MM/PBSA)140,141,	  
free	  energy	  perturbation	   (FEP)142,	   linear	   interaction	  energy	   (LIE)143	  or	  umbrella	  sampling	   (US)144,145.	  Although	  
these	  methods	  involving	  explicit	  solvent	  provide	  very	  accurate	  binding	  affinities,	  they	  are	  computationally	  very	  
expensive.	  
As	   described	   previously,	   MD	   simulations	   provides	   with	   positions,	   velocities	   and	   forces	   of	   atoms	   over	   a	  
simulation	  time	  providing	  with	  structural	  changes.	  However,	  those	  values	  cannot	  be	  directly	  compared	  to	  the	  
experimental	   data.	   Statistical	   mechanics	   with	   the	   ergodic	   hypothesis	   allows	   scientists	   to	   extract	   desired	  
thermodynamic	  property	  validating	  experimental	  data.	  Taking	  this	  into	  account	  and	  the	  fact	  that	  the	  entropy	  
being	   a	   measure	   of	   the	   available	   space	   consisted	   in	   the	   free	   energy,	   the	   extensive	   sampling	   over	   a	   long	  
simulation	  time	  is	  necessary.	  	  
In	   statistical	   mechanics	   the	   canonical	   partition	   function	   (in	   the	   system	   with	   constant	   number	   of	   atoms,	  
constant	   volume	   and	   temperature)	   describing	   the	   statistical	   properties	   of	   the	   system	   in	   thermodynamic	  
equilibrium	  is	  an	   integral	  of	   the	  all	  possible	  energy	  states	   (over	  the	  whole	  phase	  space	   in	  terms	  of	  positions	  
and	  momenta)146,	  147:	  
i
N
i
N
ii pdrdprHQ EE∫ −= )],(exp[ β 	   	   	   	   (3.19)	  
	  
,	  where	   )/(1 TkB=β .	  
	  
The	  Helmholtz	  free	  energy	  is	  related	  to	  the	  partition	  function	  via:	  
	  
QA ln/1 β−= 	   	   	   	   	   (3.20)	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In	  the	  isothermal-­‐isobaric	  ensemble	  (constant	  number	  of	  atoms	   N ,	  constant	  pressure	   P and	  temperature	  
T )	  the	  Gibbs	  free	  energy	  can	  be	  calculated.148	  However,	  this	  cannot	  be	  calculated	  from	  computer	  simulation.	  
When	  the	  system	  is	  ergodic,	  so	  that	  the	  whole	  phase	  space	  is	  visited	  and	  the	  simulation	  is	  run	  over	  sufficient	  
time,	  the	  ensemble	  average	  is	  equal	  to	  the	  time	  average.	  	  
In	  most	  cases	  the	  interesting	  thermodynamic	  property	  is	  the	  free	  energy	  difference	  between	  the	  final	  and	  
the	  initial	  state	  (free	  energy	  is	  a	  state	  function).	  In	  protein-­‐ligand	  free	  energy	  systems	  these	  correspond	  to	  the	  
bound	  and	  unbound	  states	  which	  differ	  in	  geometry.	  The	  reaction	  coordinate	  provides	  the	  distinction	  between	  
initial	  and	  final	  state	  and	  can	  be	  defined	  e.g.	  as	  a	  distance,	  angle	  or	  root	  mean	  square	  deviations.	  Whether	  in	  
the	  protein-­‐ligand	  system	  the	  distance	  is	  the	  reaction	  coordinate,	  the	  free	  energy	  along	  this	  pathway	  is	  called	  
potential	  of	  mean	  force	  (PMF).	  The	  free	  energy	  along	  the	  reaction	  coordinate	   )(ln/1)( λβλ UPA −= can	  
be	   obtained	   directly	   from	  MD	   simulations	   by	  monitoring	   the	   unbiased	   distributions	   )(λUP of	   the	   system	  
along	  the	  reaction	  coordinate.	  
Umbrella	  sampling	  (US)	  method	  for	  PMF	  calculations	  introduced	  by	  Torrie	  and	  Valleau144,145	  which	  based	  on	  
the	  previous	  work149,150	  ensures	   that	  extensive	  sampling	   is	   reached	  with	  additional	  biased	  potential	   -­‐	  energy	  
term.	  This	  is	  achieved	  by	  multiple	  overlapping	  windows	  (simulations)	  along	  the	  reaction	  coordinate,	  each	  with	  
e.g.	   harmonic	   potential	   (virtual	   spring)148.	   This	   additional	   energy	   )(λiu 	   term	   is	   a	   function	   of	   the	   reaction	  
coordinate	   λ only.	  Hence,	  the	  biased	  total	  energy	   )( i
B rH 	   (bias	  –	  “B”	  superscript)	   is	  a	  sum	  of	  the	  unbiased	  
(unbias	   –	   “U”	   superscript)	   )( i
U rH 	   total	   energy	   and	   the	   new	   bias	   potential	   )(λiu where	   i denotes	   given	  
window:	  
	  
)()()( λii
U
i
B urHrH += 	   	   	   	   (3.21)	  
	  
The	  goal	   is	   to	  obtain	  unbias	  PMF	  –	   free	  energy	  along	  the	  reaction	  coordinate,	  hence	   free	  energy	  of	  given	  
window )(λiA 	  is	  required.	  For	  this	  purpose	  the	  unbiased	  distribution	  is	  needed:	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However,	  MD	  simulations	  with	  additional	  energy	  terms	  provide	  the	  biased	  distribution:	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As	  the	  additional	  bias	  term	  depends	  on	  the	  reaction	  coordinate	  only	  and	  integration	  is	  done	  over	  all	  degrees	  
of	  freedom:	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Thus,	  the	  unbiased	  distribution	  using	  equation	  (3.22)	  can	  be	  written	  as:	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Now,	  free	  energy	  of	  the	  given	  window	  can	  be	  calculated	  according	  to	   )(ln)/1()( λβλ Uii PA −= ,	  biased	  
distribution )(λBiP is	   given	   by	  MD	   simulations,	   additional	   energy	   term )(λiu is	   taken	   analytically.	   The	   free	  
energy	  associated	  with	  additional	  energy	  term	  (biased	  potential)	   BiF is	  correlated:	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Hence,	  the	  unbiased	  free	  energy	  of	  the	  given	  window	  can	  be	  expressed	  as:	  
	  
B
ii
B
ii FuPA +−−= )()(ln)/1()( λλβλ 	   	   	   	   (3.27)	  
	  
The	  only	  assumption	  of	  the	  equation	  above	  is	  the	  sufficient	  time	  of	  sampling.	  Taking	  into	  account	  that	  the	  
desired	  PMF	  combines	  more	  than	  one	  window,	  the BiF of	  each	  simulation	  has	  to	  be	  calculated.	  However,	  
B
iF 	  
cannot	   be	   directly	   obtained	   from	   simulation	   and	   numerous	   methods	   have	   been	   introduced.151	   The	   most	  
common	  technique	  is	  called	  weighted	  histogram	  analysis	  method	  (WHAM)152	  which	  enables	  to	  combine	  all	  the	  
windows	  into	  the	  PMF	  curve	  providing	  with	  the	  free	  energy	  along	  the	  reaction	  coordinate )(λA .	  In	  Figure	  3.2	  
the	   schematic	   representation	  of	  US	  method	   (red	  circle	  –	  protein,	  blue	  circle	   -­‐	   ligand)	  with	   the	  distance	  as	  a	  
reaction	  coordinate	  is	  presented.	  Eleven	  simulations	  along	  the	  distance	  are	  run	  with	  the	  additional	  harmonic	  
potential	   (spring)	   providing	   the	   histograms	   -­‐	   probabilities	   of	   finding.	   Histograms	   constitute	   the	   input	   for	  
WHAM	  method	  in	  which	  each	  sampling	  window	  obtains	  its	  weight	   ig 	  so	  the	  unbiased	  distribution:	  
	  
∑=
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U
ii
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,	  where	   ig are	  adjusted	  to	  minimize	  to	  statistical	  error	  of	  the	  distribution )(λUP and	   1=∑ ig 	  152	  which	  
leads	  to:	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iN denotes	  all	  the	  steps	  sampled	  in	  simulation	   i .	  Then,	  the	   BiF can	  be	  taken	  from	  equation	  (3.26):	  
λλβλλ duPF i
U
i
B
i )]([exp)()](exp[ −=− ∫ 	   	   	   (3.30)	  
	  
These	  need	  to	  be	  iterated	  until	  the	  convergence	  is	  reached.	  	  
	  
Figure	   3.2.	   Schematic	   representation	   of	   umbrella	   sampling	  method:	   red	   circle-­‐	   protein,	   blue	   circle	   –	   ligand.	  
Along	   the	   reaction	   coordinate	   (protein	   –	   ligand	   distance)	   independent	   simulations	   are	   run	   with	   additional	  
harmonic	  potential	  (virtual	  spring)	  where	  ligand	  is	  restrained	  by	  its	  centre	  of	  mass.	  Each	  window	  provides	  with	  
the	  probability	  of	  finding	  (histogram)	  according	  to	  the	  harmonic	  potential.	  Overlapping	  windows	  provide	  the	  
input	  to	  weighted	  histogram	  analysis	  method	  which	  provides	  the	  potential	  of	  mean	  force	  (free	  energy	  along	  
the	  distance)	  of	  protein-­‐ligand	  interactions.153	  
	  
	  
	  
3.2.3. Coarse	  Graining	  
	  
One	   of	   the	   most	   challenging	   issues	   in	   computational	   chemistry	   is	   the	   time-­‐scale	   and	   the	   length-­‐scale	  
achievable	   in	   comparison	   to	   realistic	   systems.	  This	   comes	   from	   the	   computational	   resources	  available	   these	  
days	  which	  is	  still	  a	  limiting	  factor	  in	  molecular	  simulations.	  To	  overcome	  this	  problem	  in	  order	  to	  reduce	  the	  
number	  of	  degrees	  of	  freedom,	  one	  can	  represent	  group	  of	  all	  atom	  reference	  system	  by	  grouping	  them	  into	  
beads.	  Thus,	  with	  decreased	  number	  of	  atoms	  in	  the	  system	  much	  longer	  time	  scales	  and	  larger	  systems	  can	  
be	   simulated.	   Although,	   the	   “coarser”	   (more	   atoms	   represented	   by	   a	   bead)	   the	   model	   the	   faster	   the	  
simulation,	   the	  greater	  decline	   in	   the	  number	  of	   thermodynamic	   reproducible	  properties	   is	   reached.	  Hence,	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for	  given	  system	  the	  appropriate	  representation	  of	  group	  of	  atoms	  need	  to	  be	  chosen	  in	  order	  to	  reproduce	  
the	  key	  thermodynamic	  and/or	  structural	  properties	  of	  interest.	  Coarse	  graining	  was	  successfully	  implemented	  
in	   many	   biological	   systems	   reaching	   excellent	   agreement	   with	   the	   reference	   atomistic	   trajectory	   and	  
experimental	   data.154-­‐165	   The	   most	   common	   and	   widely	   used	   coarse	   grained	   force	   field	   for	   biomolecular	  
systems	   is	  Martini166-­‐168,	  where	   four	  heavy	  atoms	   represents	  one	  bead	  and	  parametrization	   is	   based	  on	   the	  
free	   energies	   between	   polar	   and	   apolar	   phases	   of	   the	   known	   experimental	   data	   of	   many	   compounds.	  
However,	  Martini	  force	  field	  cannot	  be	  implemented	  for	  any	  system	  and	  much	  better	  precision	  is	  obtained	  by	  
creating	   for	   the	   specific	   case	   its	   own	   force	   field.	   That	   ensures	   about	   the	   reliable	   reproduction	   of	   the	   fully	  
atomistic	  simulation	  with	  well	  established	  parameters.	  
The	  typical	  “bottom	  up”	  approach	  for	  the	  coarse	  graining	  is	  presented	  in	  Figure	  3.3.	  First,	  the	  reference	  full	  
atomistic	  simulation	  with	  known	  bonded	  and	  non-­‐bonded	  parameters	  for	  all	  types	  of	  atoms	  (according	  to	  the	  
equations	   3.7-­‐3.16)	   need	   to	   be	   run.	   It	   is	  worth	   noting	   that	   nowadays,	   fully	   atomistic	   force	   fields	  which	   are	  
continuously	  developed	  based	  on	  the	  experimental	  data	  reproduce	  thermodynamic	  and	  structural	  properties	  
of	  biological	  system	  with	  extreme	  precision.	  Full	  atomistic	  simulation	  requires	  reliable	  time	  scales	  in	  order	  to	  
sample	  all	  possible	  energy	  states,	  which	  can	  be	  the	  most	  time	  consuming	  step	  in	  coarse-­‐graining.	  Secondly,	  the	  
number	  of	  atoms	  per	  bead	  in	  the	  coarse	  grain	  representation	  needs	  to	  be	  chosen.	  Subsequently,	  bonded	  and	  
non-­‐bonded	   interaction	   potentials	   for	   the	   coarser	   representation	   need	   to	   be	   extracted.	   Often,	   the	   two	  
reference	   full	   atomistic	   trajectories	   are	   run	   in	   parallel:	   one	   with	   applied	   exclusions	   of	   bonded	   from	   non-­‐
bonded	  parameters	  and	  the	  second	  with	  both	  bonded	  and	  non-­‐bonded	  parameters.	  That	  ensures	  about	  the	  
precision	   of	   the	   extracting	   bonded	   and	   non-­‐bonded	   distributions	   which	   inverted	   provide	   the	   potentials.	  
Subsequently,	   the	   distributions	   of	   bonds,	   angles	   and	   dihedral	   angles	   (bonded	   potentials)	   as	   well	   as	   radial	  
distribution	  functions	  (RDF)169	  -­‐	  probabilities	  of	  finding	  of	  between	  given	  types	  of	  bead	  as	  a	  function	  of	  their	  
distance	   (non-­‐bonded	   potentials)	   need	   to	   be	   extracted	   from	   fully	   atomistic	   trajectory.	   In	   addition	   to	  
reproduction	  of	  full	  atomistic	  bonded	  and	  non-­‐bonded	  distributions	  within	  coarse	  grained	  representation,	  the	  
thermodynamic	   and/or	   structural	   properties	   of	   interest	   need	   to	   be	   compared.	   This	   validation	   is	   often	  
accompanying	   by	   the	   experiment.	   Hence,	   the	   validated	   force	   filed	   can	   be	   implemented	   reaching	   order	   of	  
magnitudes	  faster	  time	  and	  length	  scales.	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Figure	  3.3.	  The	  standard	  “bottom	  up”	  approach	  for	  the	  coarse	  graining	  based	  on	  the	  all	  atom	  simulation.	  First,	  
the	   full	   atomistic	   reference	   trajectory	   needs	   to	   be	   known.	   Then,	   by	   reproducing	   bonded	   and	   non-­‐bonded	  
distributions	  from	  full	  atomistic	  trajectory	  as	  well	  as	  structural	  and/or	  thermodynamic	  properties,	  the	  coarse	  
grained	  force	  field	  is	  built	  often	  accompanying	  by	  the	  experimental	  input.	  
	  
	  
	  
3.2.3.1. Boltzmann	  Inversion	  
	  
Boltzmann	  inversion	  (BI)	  method,	  a	  structure-­‐based	  technique	  is	  typically	  applied	  for	  bonded	  potentials	  170-­‐
172	  –	  bonds,	  angles	  and	  torsions	  (dihedral	  angles).	  In	  the	  canonical	  ensemble	  NVT	  (constant	  number	  of	  atoms
N ,	   constant	   volume	  V ,	   constant	   temperature	   T 	   )	   the	  probability	  distribution	   (Boltzmann	  distribution)	   is	  
described	  as:	  
	  
)](exp[)( 1 qVQqP β−= − 	   	   	   	   	   (3.31)	  
	  
,where	   q are	   independent	  degrees	  of	   freedom	   (angle,	   torsion,	  bond	   length),	   ∫ −= dqqVQ )](exp[ β 	   is	  
the	  partition	   function.	  The	  coarse	  grained	  potential	   )(qV (potential	  of	  mean	   force)	   can	  be	  obtained	  by	   the	  
inverted	  Boltzmann	  probability	   )(qP of	  a	  given	  variable q :	  
	  
)(ln)( qPTkqV B−= 	   	  	  	  	   	   	   	   (3.32)	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The	  normalization	   factor	   Q can	  be	  omitted	   as	   it	  would	   enter	   the	   coarse-­‐grained	  potential	   as	   an	   additive	  
irrelevant	   constant. )(qP is	   a	   volume	   normalized	   distribution	   of	   bonds	   )(bPb ,	   angles	   )(θθP or	   dihedrals	  
)(ϕϕP based	  on	  the	  histograms	   :)(qH 	  
	  
)()(,
sin
)()(,
4
)()( 2 ϕϕθ
θ
θ
π ϕ
θ
θ HP
HP
r
bHbP bb === 	   	   (3.33)	  
	  
b denotes	  the	  bond	  length,	  θ is	  the	  angle	  between	  three	  consecutive	  atoms,	  and	  ϕ 	  states	  for	  the	  torsion	  
angle	  between	  two	  planes	  formed	  by	  four	  consecutive	  atoms.	  	  
Hence,	  the	  bonded	  coarse	  grain	  potential	  can	  be	  written	  as	  a	  sum	  of	  bonds,	  angles	  and	  torsions:	  
	  
)()()(),,()( ϕθϕθ ϕθ VVbVbVqV b ++== 	   	   	   (3.34)	  
)(ln)( qPTkqV qBq −= 	  	  
	  
Inverted	   distributions	   (potentials)	   need	   be	   smoothed	   for	   the	   continuity,	   interpolated	   in	   poorly	   sampled	  
regions	  as	  well	  as	  extrapolated.	  This	  can	  be	  achieved	  within	  tabulated	  potentials	  instead	  of	  parameters	  used	  in	  
all-­‐atom	  force	  fields	  described	  by	  e.g.	  harmonic	  potential	  for	  bonds	  and	  angles.	  
	  	  
3.2.3.2. Iterative	  Boltzmann	  Inversion	  
	  
Iterative	   Boltzmann	   Inversion	   (IBI)	   method	   is	   mainly	   applied	   with	   non-­‐bonded	   parameters	   in	   order	   to	  
reproduce	  the	  reference	   refP radial	  distribution	  functions	  (RDFs)	  of	  two	  given	  types	  of	  beads	  -­‐	  probabilities	  of	  
finding	  at	  a	  certain	  distances.	  However,	  in	  cases	  of	  “coarser”	  representations	  this	  should	  be	  implemented	  for	  
both	  bonded	  and	  non-­‐bonded	  parameters	  in	  the	  one	  work	  flow.	  The	  IBI	  method	  block	  scheme	  is	  presented	  in	  
Figure	  3.4.	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Figure	  3.4.	  The	  work	  flow	  of	  the	  iterative	  Boltzmann	  inversion	  (IBI)	  method.170	  
	  
First,	  the	  initial	  guess	  for	  tabulated	  potentials	  (step	  1)	  needs	  to	  be	  known.	  This	  can	  be	  calculated	  according	  
to	  the	  equation:	  
refB
n PTkV ln1 −== 	   	   	   	   	   (3.35)	  
,	  where	   n is	  the	  step	  number.	  Subsequently	  the	  simulation	  is	  run	  (sampled)	  for	  the	  sufficient	  time	  to	  extract	  
the	  distributions	   from	   the	   first	   step 1=nP .	   The	   refP is	   compared	  with	   the	  
1=nP and	  once	   the	   convergence	   is	  
reached	  the	  workflow	  finishes	  –	  the	  reference	  distribution	  function	  was	  reproduced.	  Otherwise	  the	  rescaled	  
potentials	  are	  applied	  and	  the	  consecutive	  simulation	  is	  run.	  The	  potential	  of	  the	  next	  step 1+nV :	  
	  
nnn VVV Δ+=+ κ1 	   	   	   	   	   (3.36)	  
	  
,	   whereκ is	   the	   scaling	   factor	   )1,0(∈ and	   nV is	   the	   potential	   for	   the	   current	   step,	   the	   nVΔ is	   the	  
difference	  between	  the	  potential	  form	  the	  current	  step	  and	  the	  reference	  potential:	  
	  
ref
n
B
nrefn
P
PTkVVV ln=−=Δ 	   	   	   (3.37)	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Due	   to	   the	   fact	   that	   given	   potential	   between	   two	   types	   of	   beads	   influences	   the	   other	   potentials,	   it	   is	  
recommended	  that	  at	  each	  step	  the	  only	  one	  potential	  is	  rescaled.	  As	  previously	  mentioned	  the	  convergence	  is	  
reached	   once	   all	   the	   reference	   potentials	   are	   reproduced	  within	   coarse	   grained	   representation	   in	   terms	   of	  
distributions ref
n PP = .	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CHAPTER	  IV	  
	  
Molecular	  and	  Thermodynamic	  Basis	  for	  	  
EGCG-­‐Keratin	  Interaction	  
	  
4.1.	   	  Introduction	  
	  
As	  previously	  mentioned,	  binding	  of	  small	  molecules	  to	  macromolecules	  of	  human	  bio-­‐substrates	  regulates	  
their	   sub-­‐cellular	  disposition.	  Transdermal	  permeation	   is	   an	   important	   route	   for	  delivering	  benefits	  of	   these	  
small	  active	  molecules	  to	  the	  lower	  skin	  layers.	  There	  is	  an	  increasing	  interest	  in	  understanding	  the	  binding	  of	  
plant	  extracts,	  such	  as	  green	  tea	  with	  a	  high	  content	  of	  polyphenols	  due	  to	  many	  health	  benefits	  attributed	  to	  
them	   (section	   2.1).	   Stratum	   corneum	   (SC),	   the	   outermost	   skin	   layer	   constitutes	   the	   first	   barrier	   for	   skin	  
permeation	  in	  which	  keratin	  constitutes	  the	  major	  component	  (80%	  of	  its	  dry	  mass).17	  Hence,	  the	  strength	  of	  
the	  SC	  keratin-­‐EGCG	   interaction	   regulates	   the	  delivery	  of	   vital	  profits.	   The	  most	   abundant	  pair	   in	   the	  upper	  
epidermis	  and	  SC	  forming	  IFs	  is	  keratin	  type	  1	  and	  10,	  thus	  constituted	  the	  subject	  of	  this	  chapter.	  EGCG,	  the	  
most	  active	  green	  tea	  polyphenol	  was	  selected	  as	  ligand.	  
Previously,	   Zhao	   et	   al.23	   showed	   that	   EGCG	   binds	   to	   gastric	   mucin	   by	   a	   combination	   of	   hydrophobic	  
interactions	   and	   hydrogen	   bonding	   and	   multilayer	   binding	   of	   polyphenol	   was	   suggested.	   In	   addition,	   a	  
decrease	  in	  binding	  affinity	  with	  increasing	  temperature	  was	  observed.	  However,	  thermodynamic	  equilibrium	  
properties	  and	  structural	  basis	   for	   interactions	  between	  EGCG	  and	  keratin	   remain	  unknown	  and	  have	  never	  
been	  studied	  before.	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4.2.	   	  Objectives	  
	  
The	  objective	  of	  this	  chapter	  is	  to	  study	  interactions	  of	  the	  main	  active	  green	  tea	  polyphenol	  (EGCG)	  with	  SC	  
keratin	  using	  MD	  simulation	  framework.	  At	  the	  same	  time	  Dr	  Yanyan	  Zhao	  et	  al.173	  provided	  the	  experimental	  
insight	   in	   the	   keratin-­‐EGCG	   interactions.	   Experimental	   studies	   of	   the	   thermodynamic	   properties	   of	   keratin-­‐
EGCG	   interactions	   have	   been	   quantitatively	   determined	   using	   ultrafiltration,	   high-­‐performance	   liquid	  
chromatography	   (HPLC)	   and	   isothermal	   titration	   calorimetry	   (ITC).	   At	   298	   K	   the	   experimental	   binding	   free	  
energy	   ΔGExp	   =	   -­‐6.37	   kcal	  mol
-­‐1	   as	  well	   as	   the	  multilayer	   isotherm	   describing	   the	   assembly	   of	   EGCG	   on	   the	  
keratin	  surface	  were	  obtained.	  All	  experimental	  results	  are	  presented	  in	  Appendix	  I.	  Hence,	  the	  main	  challenge	  
of	  this	  chapter	  was	  to	  validate	  experimental	  results	  and	  provide	  more	  detailed	  insight	  to	  keratin-­‐EGCG	  system	  
using	  MD	   simulations.	   Thus,	   the	  main	   objectives	   within	  MD	   in	   studying	   keratin-­‐EGCG	   interactions	   were	   as	  
following:	  
• Validate	  the	  multilayer	  assembly	  of	  EGCG	  molecules,	  
• Validate	  the	  experimental	  binding	  free	  energy	  at	  298K,	  
• Assess	  the	  influence	  of	  the	  temperature	  on	  the	  binding	  affinity,	  
• Assess	  the	  type	  of	  interactions	  which	  dominate	  the	  binding	  process,	  
• Evaluate	  residues	  with	  the	  highest	  binding	  affinity.	  
	  
For	  this	  purpose,	  self-­‐assembly	  simulations	  totalling	  ~6	  μs	  were	  first	  used	  to	  generate	  possible	  keratin-­‐EGCG	  
bound	  states	  at	  a	  range	  of	  concentrations	  and	  temperatures.	  In	  addition,	  steered	  constant-­‐velocity	  molecular	  
dynamics	  (SMD)	  simulations	  were	  used	  to	  pull	  EGCG	  molecules	  away	  from	  the	  keratin	  surface.	  Subsequently,	  
snapshots	   from	   the	   SMD	   simulations	   provided	   starting	   points	   for	   the	   umbrella	   sampling	   (US)	   method.	  
Although	  in	  this	  chapter	  the	  only	  one	  reaction	  coordinate	  was	  studied,	  free	  energy	  calculations	  of	  ~12	  μs	  using	  
different	   equilibrium	   configurations	   at	   varying	   temperatures	   with	   explicit	   solvent	   reached	   an	   excellent	  
agreement	  between	  simulations	  and	  experimental	  results.134,	  173	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4.3.	  Methodology	  –	  Molecular	  Dynamics	  
4.3.1.	  Computational	  Details	  
	  
The	   structure	   of	   epigallocatechin-­‐3-­‐gallate	   (EGCG)	   was	   built	   using	   Chimera	   1.5.3176.	   To	   create	   the	   EGCG	  
topology	  the	  CHARMM	  General	  Force	  Field	  (CGenFF)177-­‐180	  for	  organic	  molecules	  (program	  version	  0.9.1	  beta)	  
was	   employed	   and	   translated	   into	   GROMACS181	   topology	   format	   using	   in-­‐house	   code.	   A	   coiled	   coil	   keratin	  
fragment	  was	  modelled	  based	  on	  the	  cortexillin	  I	  domain	  (Protein	  Data	  Bank	  entry:	  1D7M).	  The	  cortexillin	  and	  
keratin	   1/keratin	   10	   residues	   	   heptad	   repeats	   (“abcdefg”)	   were	   predicted	   using	   Matcher	   (“Algorithm	   for	  
matching	  coiled-­‐coil	  proteins”).182	  Each	  helical	  fragment	  of	  the	  cortexillin	  coiled	  coil	  consists	  of	  101	  residues,	  of	  
which	  71	   residues	  corresponding	   to	   segment	  1B	  of	  keratin	   type	  1	  and	  10	  were	  chosen.	  Predicted	  cortexillin	  
repeats	  were	  mutated	  into	  the	  keratin	  sequences.	  Alpha	  helical	  segment	  1A	  (35	  residues)	  and	  2A	  (19	  residues)	  
of	  keratin	  1	  were	  built	  using	  Chimera	  1.5.3	  software.	  The	  amino	  acid	  sequences	  of	  all	  keratin	  segments	  were	  
taken	  from	  the	  Human	  Intermediate	  Filament	  Database.183	   Initial	  structures	  were	  minimized	  via	  the	  steepest	  
descent	  algorithm.	  The	  chosen	  segments,	  constructed	  models	  and	  corresponding	  sequences	  are	  presented	  in	  
Figure	  4.1.	  	  
	  
	  
	  
Figure	   4.1.	   Segments	   and	   the	   corresponding	   sequence	   of	   keratin	   1	   and	   10	   used	   for	   MD	   simulations:	   A)	  
Schematic	   representation	  of	  chosen	  segments	  1A	   (blue),	  1B	   (purple),	  and	  2A	  (red);	  B)	  Helical	   segment	  2A	  of	  
keratin	  1;	  C)	  Coiled-­‐coil	  1B	  segment	  of	  keratin	  1/	  keratin	  10;	  D)	  Helical	  segment	  1A	  of	  keratin	  1.	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All	   MD	   and	   SMD	   simulations	   were	   performed	   using	   the	   GROMACS	   4.5.4181	   package	   with	   the	  
Charmm/CMAP121	  force	  field	  and	  the	  TIP3P184	  water	  model.	  Classical	  equations	  of	  motion	  were	  integrated	  with	  
a	  Verlet	  leap-­‐frog	  algorithm	  using	  a	  2	  fs	  time	  step.	  The	  LINCS185	  algorithm	  was	  employed	  to	  constrain	  all	  bond	  
lengths.	  A	  1.4	  nm	  cut-­‐off	  distance	  was	  used	  for	  the	  short-­‐range	  neighbor	  list,	  updated	  every	  five	  steps	  (10	  fs),	  
and	  van	  der	  Waals	  interactions	  were	  cutoff	  at	  1.4	  nm.	  The	  Particle	  Mesh	  Ewald	  (PME)	  method186,187	  was	  used	  
for	  the	  electrostatics	  with	  a	  1.2	  nm	  real	  space	  cut-­‐off.	  The	  velocity	  rescale	  thermostat	  and	  Parinello-­‐Rahman188	  
barostat	  were	  used	  to	  maintain	  the	  temperature	  and	  pressure	  (at	  1	  bar)	  respectively.	  Protein	  or	  protein	  and	  
ligand	  were	  coupled	  to	  one	  bath,	  while	   the	  remaining	  water	  and	   ions	  were	  coupled	  to	   the	  other.	  The	   initial	  
velocities	  were	  set	  to	  follow	  a	  Maxwell	  distribution.	  Periodic	  boundary	  conditions	  were	  used	  in	  all	  directions.	  
All	   simulations	  were	   performed	   on	   two	   Linux	   clusters	   at	   Imperial	   College	   London:	   Department	   of	   Chemical	  
Engineering	   Computing	   Service,	   URL:	   imperial.ac.uk/chemicalengineering	   and	   High	   Performance	   Computing	  
Service,	  URL:	  imperial.ac.uk/ict/services/teachingandresearchservices/highperformancecomputing.	  
	  
	  4.3.2.	  Self-­‐Assembly	  Setup	  
	  
Different	  keratin	  segments	  were	  placed	  at	  the	  centre	  of	  a	  cubic	  unit	  cell:	  Segment	  1B	  with	  the	  length	  of	  app.	  
10	  nm	  into	  a	  12x12x12	  nm	  box,	  segment	  1A	  with	  the	  length	  of	  app.	  5nm	  into	  the	  8x8x8	  nm	  box	  and	  segment	  
2A	  with	  the	  length	  of	  app.	  3	  nm	  (6x6x6	  nm).	  To	  mimic	  the	  fact	  that	  both	  the	  helix	  and	  coiled	  coil	  segments	  are	  
part	  of	  the	  Intermediate	  Filament,	  terminal	  residues	  were	  treated	  in	  their	  uncharged	  state.	  Initially,	  one	  EGCG	  
molecule	   was	   placed	   into	   the	   box	   in	   a	   random	   position	   near	   to	   the	   given	   keratin	   segment.	   Each	   system	  
involved	  one	  keratin	  segment	  (1A,	  2A	  or	  1B)	  and	  one	  EGCG	  molecule.	  The	  simulation	  box	  was	  filled	  with	  water	  
using	   the	  TIP3P184	  water	  model,	   to	  which	  150	  mM	  NaCl	  was	  added	  on	   top	  of	   the	  neutralizing	   ions	   (6	  Na+	   to	  
segment	  1B,	  3	  Na+	  to	  segment	  2A	  and	  1	  Cl-­‐	  to	  segment	  1A).	  Following	  energy	  minimization	  using	  the	  steepest	  
descent	  algorithm,	  0.2	  ns	  of	  sequential	  NVT	   (constant	  number	  of	  atoms,	  constant	  volume	  and	  temperature)	  
and	   NPT	   (constant	   number	   of	   atoms,	   constant	   pressure	   and	   temperature)	   equilibration	   simulations	   were	  
conducted,	  with	  position	   restraints	  applied	   to	  protein	  and	   ligand	  heavy	  atoms.	  Production	   simulations	  were	  
then	  performed	  in	  the	  NPT	  ensemble	  at	  298,	  308	  and	  318	  K.	  In	  total,	  51	  EGCG-­‐keratin	  MD	  simulations	  of	  100	  
ns	  were	  run	  with	  one	  EGCG	  molecule	  placed	  at	  different	   initial	  positions	  around	  given	  keratin	  segment.	  This	  
involved,	   in	   each	   case	   for	   three	   different	   temperatures:	   8	   simulations	   with	   coiled-­‐coil	   segment	   1B,	   5	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simulations	  with	   helical	   segment	   1A	   and	  4	   simulations	  with	   helical	   segment	   2A.	   The	  number	   of	   simulations	  
corresponds	  to	  the	  size	  of	  the	  given	  protein	  segment	  and	  thus	  different	  possibilities	  to	  place	  EGCG	  randomly.	  	  
Following	  the	  same	  procedure	  in	  order	  to	  assess	  higher	  concentration	  of	  EGCG,	  3	  additional	  simulations	  of	  200	  
ns	  at	  298	  K	  were	  performed	  with	  20	  EGCG	  molecules	  placed	  a	  minimum	  of	  6	  nm	  away	   from	  the	  coiled	  coil	  
fragment	   starting	   from	  different	   initial	   coordinates	   of	   EGCG	  molecules.	   Each	   system	  and	   corresponding	   self	  
assembly	  simulation	  is	  listed	  in	  Table	  4.1.	  
	  
Table	  4.1.	  Details	  of	  self-­‐assembly	  simulations	  for	  keratin-­‐EGCG	  interactions.	  
	  
System	  No.	  
	  
Segment	  
	  
Number	  of	  
EGCG	  molecules	  
	  
Simulation	  	  
time	  [ns]	  
	  
Temperature	  
[K]	  
	  
Number	  of	  
simulations	  
1.	   1A	   1	   100	   298	   5	  
2.	   1A	   1	   100	   308	   5	  
3.	   1A	   1	   100	   318	   5	  
4.	   2A	   1	   100	   298	   4	  
5.	   2A	   1	   100	   308	   4	  
6.	   2A	   1	   100	   318	   4	  
7.	   1B	   1	   100	   298	   8	  
8.	   1B	   1	   100	   308	   8	  
9.	   1B	   1	   100	   318	   8	  
10.	   1B	   20	   200	   298	   3	  
	  
	  
	  
4.3.3.	  Biased	  Simulation	  Setup	  
	  
The	  final	  coordinates	  of	  the	  keratin-­‐EGCG	  complex	  from	  the	  self-­‐assembly	  MD	  simulations	  were	  set	  as	  the	  
initial	  configurations	  for	  SMD	  simulations.	  For	  each	  complex,	  the	  COM	  of	  an	  EGCG	  molecule	  was	  increased	  at	  a	  
constant	   rate	   (velocity),	  being	  pulled	  up	   to	  4	  nm	  away.	  The	   ligand	  pulling	  direction	  provides	  different	   initial	  
configurations	   for	   biased	   umbrella	   simulation	   and	   hence	   can	   significantly	   influence	   the	   potential	   of	   mean	  
force.	  However,	  in	  this	  study	  it	  was	  aimed	  to	  explore	  many	  PMF	  profiles	  starting	  from	  different	  protein-­‐ligand	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complexes	   with	   the	   conserved	   reaction	   coordinate	   (distance).	   Thus,	   the	   ligand	   was	   pulled	   in	   a	   direction	  
perpendicular	  to	  the	  protein	  backbone	  axis	   in	  all	  cases.	  As	  the	  steered	  MD	  simulation	  proceeded	  the	  pulling	  
force	  was	  observed	  to	  increase,	  up	  to	  the	  point	  where	  the	  first	  keratin-­‐EGCG	  hydrogen	  bond	  was	  broken.	  The	  
breaking	  point	  of	  each	  hydrogen	  bond	  corresponds	  to	  a	  local	  maximum	  in	  the	  pulling	  force.	  	  
Steered	  MD	  was	  used	  to	  extract	  the	  initial	  coordinates	  for	  umbrella	  sampling	  windows	  (binding	  free	  energy	  
calculations).	  A	  weighted	  histogram	  analysis	  method	  (WHAM)152,189	  was	  then	  applied	  to	  combine	  all	  windows	  
into	  the	  potential	  of	  mean	  force	  (PMF)	  curve	  to	  estimate	  the	  binding	  free	  energy	  difference	  along	  the	  reaction	  
coordinate.	  The	  statistical	  error	  estimate	  of	  each	  PMF	  curve	  was	  performed	  by	  dividing	  the	  whole	  trajectory	  
into	  parts	  of	  10	  ns.	  The	  average	  number	  of	  hydrogen	  bonds	  between	  protein	  and	  EGCG	  was	  counted	  based	  on	  
the	  cutoff	  distance	  between	  the	  donor	  and	  the	  acceptor	  atoms	  below	  0.35	  nm	  and	  a	  hydrogen-­‐donor-­‐acceptor	  
maximum	  angle	  of	  30˚.	  The	  buried	  area	  between	  the	  protein	  and	  ligand	  was	  computed	  by	  subtracting	  solvent	  
accessible	  surface	  area	  (SASA)190	  of	  the	  protein	  and	  EGCG	  from	  SASA	  of	  keratin-­‐EGCG	  complex.	  Both	  hydrogen	  
bonds	  and	  buried	  area	  were	  extracted	  from	  equilibrium	  simulations,	  prior	  to	  SMD	  simulations	  and	  US.	  
	  
4.4.	  Results	  –	  Molecular	  Dynamics	  
4.4.1.	  Monomeric	  Self-­‐Assembly	  Simulations	  
	  
Simulated	  tea	  catechin	  (EGCG)	  molecule	  became	  attached	  to	  multiple	  (between	  1	  and	  5)	  residues	  at	  the	  end	  
of	  each	  simulation	  replica	  in	  the	  system	  for	  a	  single	  EGCG	  and	  one	  keratin	  segment	  (Table	  4.1.	  –	  Simulation	  no.	  
1	   -­‐	   9).	  An	  example	  of	   the	  Keratin-­‐EGCG	  hydrophobic	  buried	   area	   as	  well	   as	   the	  number	  of	   hydrogen	  bonds	  
versus	  simulation	  time	  is	  presented	  in	  Figure	  4.2.	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Figure	  4.2.	  Monomeric	  self-­‐assembly	  simulation	  of	  EGCG	  molecule	  and	  keratin	  at	  298K:	  A)	  Buried	  hydrophobic	  
surface	  area	  between	  EGCG	  and	  keratin	  during	  the	  simulation;	  B)	  Number	  of	  hydrogen	  bonds	  between	  keratin	  
and	  EGCG	  versus	  the	  simulation	  time.	  
	  
	  
Hydrophobic	  interactions	  played	  a	  major	  role	  in	  the	  initial	  stages	  of	  protein-­‐ligand	  assembly,	  followed	  by	  a	  
slow	   optimization	   via	   formation	   of	   hydrogen	   bonds.	   In	  many	   cases,	   stacking	   interactions	  were	   observed	   in	  
which	   the	  aromatic	   rings	  of	  EGCG	  became	  packed	  against	   those	  of	  phenylalanine	  or	   tyrosine	   (Figure	  4.3	  A).	  
Side	   chains	   of	   acidic	   residues	   were	   predominantly	   occupied	   by	   catechin,	   supported	   by	   the	   fact	   that	   EGCG	  
contains	  8	  hydrogen	  donors	  and	  11	  hydrogen	  acceptors	  (Figure	  4.3.	  B,	  C).	  This	  confirms	  previous	  investigations	  
in	  which	  EGCG	  was	  shown	  to	  interact	  specifically	  with	  charged	  amino	  acids.191	  In	  this	  study,	  once	  an	  acidic	  side	  
chain	  oxygen	  or	  nitrogen	  had	   created	  a	  hydrogen	  bond	  with	   the	  EGCG	  hydroxyl	   group,	   it	  was	   subsequently	  
persistent	  for	  the	  remaining	  simulation	  time	  (Figure	  4.3.	  B	  and	  C).	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Figure	  4.3.	  Final	  configurations	  of	  MD	  simulations:	  A)	  Segment	  1A	  (red)	  and	   its	  two	  aromatic	  residues	  (blue)	  
stacked	   via	   aromatic	   attraction	   to	   two	   EGCG	   (green)	   rings;	   B)	   Segment	   1B	   coiled	   coil	   (purple)	   and	   EGCG	  
(yellow)	   occupying	   three	   different	   residues	   via	   hydrogen	   bonds	   (red	   dotted	   lines)	   at	   308K;	   C)	   Segment	   1A	  
(blue)	  and	  EGCG	  (yellow)	  occupying	  three	  different	  residues	  via	  hydrogen	  bonds	  at	  298K.	  
	  
	  
In	   Table	   4.2,	   the	   occupied	   keratin	   residues,	   as	   well	   as	   the	   average	   number	   of	   hydrogen	   bonds	   formed	  
between	   EGCG	   and	   acidic	   residues	   of	   the	   coiled	   coil	   segment	   1B,	   during	   100	   ns	   of	   simulation	   at	   298	   K	   are	  
presented.	  The	  binding	  contribution	  of	  acidic	  amino	  acids	  varies	  widely	  from	  ~30	  to	  98	  %	  due	  to	  the	  exposed	  
hydrogen	  bond	  acceptors	  of	  their	  side	  chains,	  interacting	  with	  the	  multiple	  EGCG	  hydroxyl	  groups.	  	  
	  
Table	  4.2.	  The	  contribution	  of	  the	  average	  number	  of	  hydrogen	  bonds	  between	  EGCG	  and	  acidic	  residues	  as	  
well	  as	  occupied	  amino	  acids.	  
	  
	  
Initial	  position	  of	  
EGCG	  around	  the	  
Keratin	  segment	  1B	  
	  
Average	  no	  of	  h-­‐
bonds	  
(EGCG-­‐protein	  )	  
	  
Average	  no	  of	  h-­‐
bonds	  
(EGCG-­‐charged	  
residues	  )	  
	  
Contribution	  of	  h-­‐
bonds	  with	  charged	  
residues	  [%]	  
	  
	  
	  
Occupied	  Residues	  
1.	  
	  
1.034	   0.485	   47	   Asp258,	  Glu264	  
2.	  
	  
0.799	   0.249	   31	   Glu239,	  Ser247	  
3.	   1.355	   1.034	   76	   Asp225,	  Asn226,	  
Asp233	  
4.	   1.169	   1.144	   98	   Asp251,	  Asp260,	  
Glu261	  
5.	  
	  
2.484	   2.429	   98	   Glu261,	  Asp292	  
6.	   1.002	   0.604	   60	   Tyr230,	  Phe231,	  
Glu232	  
7.	   0.746	   0.541	   73	   Asp272,	  Glu249,	  
Asn275	  
8.	   1.560	   1.365	   88	   Asp265,	  Ala231,	  
Tyr266	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At	   318	   K,	   in	   3	   out	   of	   17	   self-­‐assembly	  monomeric	   EGCG-­‐keratin	   simulations	   (each	   of	   100	   ns),	   the	   EGCG	  
molecule	   stacked	   onto	   the	   keratin	   surface	   after	   ~2-­‐5	   ns,	   and	   remained	   attached	   for	   ~40-­‐60	   ns	   before	  
detaching,	  suggesting	  weaker	  interactions	  at	  higher	  temperatures.	  In	  Figure	  4.4	  keratin-­‐EGCG	  total	  buried	  area	  
versus	  the	  simulation	  time	  at	  318	  K	  is	  presented.	  After	  47	  ns	  EGCG	  at	  318K	  detached	  from	  the	  keratin	  surface.	  
In	  contrast,	  at	  298	  and	  308	  K,	  EGCG	  always	  remained	  bound	  to	  the	  keratin	  surface.	  
	  
	  
Figure	  4.4.	  The	  buried	  surface	  area	  between	  keratin	  and	  EGCG	  at	  318	  K.	  After	  47	  ns	  EGCG	  molecule	  detached	  
suggesting	  weaker	  interactions	  at	  higher	  temperatures.	  	  
	  
	  
4.4.2.	  Multilayer	  Self-­‐Assembly	  Simulations	  
	  
In	  the	  simulation	  of	  20	  EGCG	  molecules	  and	  keratin	  coiled	  fragment	  (Table	  4.1.	  –	  Simulation	  no.	  10),	  EGCG	  
molecules	  tended	  to	  bind	  to	  keratin	  as	  clusters.	  Snapshots	  from	  this	  simulation	  over	  the	  200	  ns	  are	  presented	  
in	  Figure	  4.5.	  Initially,	  individual	  EGCG	  molecules	  were	  placed	  6	  nm	  away	  from	  coiled	  coil	  part	  and	  away	  from	  
each	  other.	  Within	  10	  ns,	  EGCG	  aggregated	  into	  small	  clusters	  (2-­‐3	  EGCG),	  and	  further	  clustering	  was	  observed	  
by	  40	  ns	  (~4-­‐8	  molecules)	  driven	  primarily	  by	  hydrophobic	  attraction.	  Within	  the	  next	  30	  ns,	  three	  clusters	  of	  
6-­‐7	  EGCG	  were	  formed	  and	  one	  adsorbed	  onto	  the	  protein	  surface.	  After	  120	  ns,	  a	  cluster	  of	  all	  20	  molecules	  
were	  attached	  to	  the	  coiled	  coil,	  and	  gradually	  spread	  over	  the	  protein	  surface.	  The	  snapshot	  at	  200	  ns	  (Figure	  
4.5)	  shows	  an	  elongated	  EGCG	  cluster	  adsorbed	  onto	  the	  protein	  as	  multilayer.	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Figure	  4.5.	  Conformations	  throughout	  the	  simulation	  time	  of	  keratin	  coiled	  coil	  segment	  (purple)	  and	  20	  EGCG	  
molecules	  (yellow)	  at	  298	  K.	  The	  formation	  of	  clusters	  is	  observed	  by	  further	  spreading	  EGCG	  molecules	  over	  
the	  keratin	  surface	  as	  a	  multilayer	  assembly.	  
	  
	  
Figure	  4.6.	  Binding	  of	  20	  EGCG	  molecules	  to	  keratin	  segment	  1B	  at	  298K:	  A)	  The	  number	  of	  hydrogen	  bonds	  
between	  20	  EGCG	  molecules;	  B)	  The	  number	  of	  hydrogen	  bonds	  between	  keratin	  and	  20	  EGCG	  molecules	  at	  
298K.	   At	   the	   constant	   number	   of	   hydrogen	   bonds	   between	   EGCG	   molecules	   the	   increase	   in	   EGCG-­‐keratin	  
hydrogen	   bonds	   is	   observed.	   This	   proves	   the	   spreading	   of	   EGCG	   molecules	   over	   the	   keratin	   surface	   as	   a	  
multilayer	  assembly.	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In	   Figure	   4.6	   the	   number	   of	   hydrogen	  bonds	   between	   all	   20	   EGCG	  molecules	   and	   keratin-­‐EGCG	  over	   the	  
simulation	  time	  is	  presented.	  It	  may	  be	  observed	  that	  EGCG	  molecules	  bind	  to	  each	  other	  within	  first	  2	  ns	  via	  
hydrogen	  bonds	  forming	  small	  clusters	  by	  further	  formation	  of	  big	  aggregates.	  The	  number	  of	  hydrogen	  bonds	  
between	  EGCG	  molecules	  and	  the	  coiled	  coil	  part	  of	  keratin	  show	  an	  increasing	  number	  due	  to	  the	  spreading	  
over	  the	  keratin	  surface.	  That	  is	  confirmed	  by	  covering	  the	  EGCG	  hydrophobic	  area	  (Figure	  4.7).	  As	  nearly	  50%	  
of	   SC	   keratin	   residues	   are	   nonpolar,	   the	   hydrophobic	   collapse	   followed	   by	   hydrogen	   bonding	   optimization	  
represented	   the	   primary	   mechanism	   for	   EGCG	   aggregation	   and	   binding	   to	   keratin.	   It	   can	   be	   therefore	  
confirmed	  that	  the	  formation	  of	  EGCG	  multilayer	  is	  in	  agreement	  with	  previous	  investigations	  of	  ultrafiltration	  
and	   HPLC	   experiments	   in	   mucin-­‐EGCG	   system23	   and	   simultaneous	   keratin-­‐EGCG	   experimental	   approach	  
presented	  in	  Appendix	  I.	  
	  
	  
Figure	   4.7.	   Hydrophobic	   surface	   area	   of	   20	   EGCG	   molecules	   during	   the	   simulation	   of	   binding	   to	   keratin	  
(segment	  1B).	  EGCG	  molecules	   cluster	  and	  elongate	  on	   the	  keratin	   surface	  which	   results	   in	  decreasing	   their	  
overall	  hydrophobic	  area.	  
	  
4.4.3.	  Assessment	  of	  Biased	  MD	  Simulation	  Protocol	  
	  
As	  previously	  mentioned	  the	  ligand	  pulling	  direction	  was	  conserved	  in	  all	  protein-­‐ligand	  conformations	  and	  
corresponded	  to	  the	  axis	  perpendicular	  to	  the	  protein	  helical	  axis.	  An	  example	  of	  SMD	  simulation	  is	  shown	  in	  
Figure	   4.8.	   The	   first	   force	   maximum	   was	   reached	   at	   0.105	   ns	   corresponding	   to	   the	   breakage	   of	   the	   first	  
hydrogen	  bond	  with	  a	  value	  of	  77	  kcal	  mol-­‐1	  nm-­‐1.	  The	  second	  maximum	  of	  the	  pulling	  force	  was	  at	  0.171	  ns	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with	  a	  value	  of	  75	  kcal	  mol-­‐1	  nm-­‐1.	  For	  such	  SMD	  trajectories,	  the	  breaking	  point	  of	  the	  complex	  is	  defined	  as	  
the	  highest	  value	  of	  the	  reached	  force.	  
	  
	  
Figure	   4.8.	   An	   example	   of	   steered	  molecular	   dynamics	   simulation	   of	   pulling	   EGCG	   from	   keratin	   surface:	   A)	  
Pulling	  force	  versus	  time	  -­‐	  Two	  breaking	  maxima	  correspond	  to	  hydrogen	  bond	  breakage	  at	  0.105	  ns	  and	  0.171	  
ns;	  B)	  Snapshots	  from	  steered	  molecular	  dynamics	  simulation	  corresponding	  to	  the	  first	  and	  second	  maximum	  
pulling	  force	  respectively.	  
	  
	  
As	   the	   initial	   coordinates	   for	  US	  windows	  were	  obtained	   from	  SMD	  simulations,	   the	  effect	  of	  pulling	   rate	  
and	   virtual	   spring	   constant	   in	   SMD	   on	   the	   binding	   free	   energy	   was	   assessed.	   EGCG	  was	   pulled	   away	   from	  
segment	  1A	  at	  298	  K	  for	  0.4	  ns	  at	  10	  nm	  ns-­‐1	  and	  for	  4	  ns	  at	  1	  nm	  ns-­‐1	  using	  harmonic	  spring	  constants	  of	  120	  
kcal	  mol-­‐1	  nm-­‐2	  and	  360	  kcal	  mol-­‐1	  nm-­‐2	  respectively.	  By	  using	  the	  spacing	  of	  approximately	  0.2	  nm	  along	  the	  
reaction	   coordinate	   (distance)	   for	   both	   SMD	   simulations,	   the	   initial	   configurations	   for	   US	   windows	   were	  
extracted.	   Subsequently,	   20	  US	  window	   simulations	   of	   50	  ns	   each	  were	   calculated	  using	   a	   harmonic	   biased	  
potential	  for	  both	  cases,	  with	  a	  spring	  constant	  of	  120	  kcal	  mol-­‐1	  nm-­‐2.	  The	  WHAM	  method	  was	  then	  applied	  to	  
obtain	   the	   final	  PMF	  curve	  neglecting	   the	   first	  3	  ns	  of	  each	  window	   for	   the	   system	  equilibration.	  With	  both	  
different	  pulling	  rates	  and	  spring	  constants	  nearly	  the	  same	  values	  (0.15	  kcal/mol	  difference)	  of	  binding	  free	  
energy	  difference	  were	  achieved.	  The	  corresponding	  plots	  of	  force	  versus	  time	  are	  presented	  in	  Figure	  4.9	  A	  
and	  B	  as	  well	  PMF	  profiles	  in	  Figure	  4.10.	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Figure	  4.9.	  Force	  versus	  time	  of	  pulling	  EGCG	  4	  nm	  away	  from	  keratin	  1	  (α-­‐helical	  segment	  1A)	  at	  298K	  using:	  
A)	  velocity	  of	  1	  nm	  ns-­‐1	  and	  spring	  constant	  of	  360	  kcal	  mol-­‐1nm-­‐2;	  B)	  velocity	  of	  10	  nm	  ns-­‐1	  and	  spring	  constant	  
of	  120	  kcal	  mol-­‐1nm-­‐2.	  
	  
	  
	  
Figure	   4.10.	   Potential	   of	   mean	   force	   profiles	   obtained	   from	   windows	   generated	   by	   different	   pulling	  
simulations	  of	  EGCG	  (Figure	  4.9)	  from	  the	  same	  initial	  coordinates	  of	  keratin-­‐EGCG	  complex.	  Nearly	   identical	  
values	  of	  the	  free	  energy	  difference	  were	  achieved.	  
	  
	  
Hence,	  the	  fast	  pulling	  rate	  of	  10	  nm	  ns-­‐1	  was	  used	  in	  all	  subsequent	  keratin-­‐EGCG	  SMD	  simulation	  systems,	  
with	  a	  spring	  constant	  of	  120	  kcal	  mol-­‐1	  nm-­‐2.	  The	  corresponding	  methodology	  for	  calculating	  the	  binding	  free	  
energy	  difference	  (0.2	  nm	  spaced	  50	  ns	  simulations	  with	  harmonic	  spring	  constant	  of	  120	  kcal	  mol-­‐1	  nm-­‐2)	  was	  
applied.	   The	   examples	   of	   the	   convergence	   of	   the	   PMF	   as	   well	   as	   umbrella	   sampling	   histograms	   showing	  
excellent	  overlap	  is	  presented	  in	  Fig	  4.11	  A	  and	  B	  respectively.	  	  
	  
80 
 
	  
Figure	  4.11.	  A)	  The	  convergence	  of	   the	  potential	  of	  mean	   force	  curves.	  By	   increasing	   the	  simulation	   time	   in	  
each	  window	   a	   reasonable	   convergence	   is	   achieved.	   Hence,	   in	   all	   systems	   the	   umbrella	   sampling	  windows	  
were	   carried	   out	   for	   50	   ns;	   B)	   Umbrella	   sampling	   histograms	   along	   the	   reaction	   coordinate	   (distance).	   20	  
umbrella	  potentials	  with	  spacing	  of	  0.2	  nm	  and	  50	  ns	  of	  sampling	  show	  excellent	  overlap.	  
	  
	  
To	   confirm	   the	   reproducibility	   of	   fast	   pulling	   for	   each	   system,	   SMD	  was	   performed	   three	   times	  with	   the	  
same	   pulling	   conditions.	   An	   example	   of	   SMD	   simulation	   (force	   versus	   time)	   for	   removing	   EGCG	   from	   the	  
keratin	   coiled	   coil	   fragment	   at	   308	   K	   from	   the	   same	   initial	   coordinates	   is	   presented	   in	   Figure	   4.12.	   Nearly	  
identical	  trajectories	  were	  produced	  with	  approximately	  the	  same	  rupture	  force	  (maximum	  pulling	  force).	  
	  
	  
Figure	  4.12.	  Force	  versus	  time	  for	  pulling	  EGCG	  4	  nm	  away	  from	  keratin	  coiled-­‐coil	  at	  308K	  using	  pulling	  rate	  of	  
10	  nm	  ns-­‐1	  and	  spring	  constant	  of	  120	  kcal	  mol-­‐1nm-­‐2.	  Three	  very	  similar	  profiles	  were	  obtained	  from	  the	  same	  
initial	   coordinates	   providing	   approximately	   the	   same	   breaking	   point	   (maximum)	   confirming	   simulation	  
reproducibility.	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4.4.4.	  Steered	  MD	  and	  Umbrella	  Sampling	  
	  
The	   free	   energy	   calculations	  were	  performed	  based	  on	   the	   results	   from	  monomeric	   (one	   EGCG	  molecule	  
and	  given	  keratin	  segment)	  self-­‐assembly	  simulations.	  From	  all	  17	  self-­‐assembly	  simulations	  at	  298K	  and	  308K	  
we	   extracted	   the	   final	   coordinates	   of	   the	   EGCG-­‐keratin	   complex	   and	   ran	   17	   SMD	   simulations	   at	   given	  
temperature	   to	   pull	   the	   EGCG	   away	   from	   the	   keratin	   surface.	   As	   at	   318K	   in	   3	   cases	   EGCG	   spontaneously	  
detached,	   the	   same	   procedure	   with	   14	   self-­‐assembly	   results	   was	   followed.	   For	   a	   given	   temperature,	   all	  
maximum	  pulling	  forces	  (breaking	  points)	  were	  compared	  and	  the	  ones	  with	  the	  highest,	   lowest	  and	  median	  
values	  of	  the	  maximum	  force	  were	  chosen.	  Those	  SMD	  trajectories	  were	  used	  to	  extract	  the	  initial	  coordinates	  
for	  free	  energy	  calculations.	  5	  SMD	  trajectories	  for	  298K,	  3	  for	  308	  K	  and	  3	  for	  318	  K	  were	  used.	  In	  Figure	  4.13	  
results	   from	  SMD	  simulations	   and	  US	  are	  presented.	   The	   force	   versus	   time	  profiles	   and	   corresponding	  PMF	  
curves	   (the	   same	   colours)	   can	   be	   observed	   for	   a	   given	   temperature.	   The	   energy	   minima	   of	   PMF	   curves	  
correspond	   to	   the	   initial	   coordinates	   at	   which	   EGCG	   was	   adsorbed	   to	   the	   keratin	   surface.	   As	   the	   distance	  
between	  those	  two	  groups	  increased	  resulting	  in	  the	  PMF	  increase,	  eventually	  reaching	  a	  plateau	  between	  1-­‐2	  
nm	  in	  all	  cases.	  	  
	  
Figure	  4.13.	  Force	  versus	  time	  profiles	  of	  pulling	  EGCG	  away	  from	  different	  keratin	  segments	  (1B	  –	  black	  and	  
green;	  1A	  –	  red	  and	  orange,	  2A	  –	  blue)	  and	  corresponding	  potential	  of	  mean	  force	  curves	  at:	  A)	  298	  K;	  B)	  308	  
K;	  C)	  318K.	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The	   correlation	   between	   the	   average	   number	   of	   hydrogen	   bonds	   and	   buried	   EGCG/keratin	   surface	   area	  
versus	  binding	  free	  energy	  is	  presented	  in	  Figure	  4.14.	  At	  308	  and	  318K	  the	  correlation	  provided	  the	  R2=0.94-­‐
0.96	   suggesting	   a	   predictive	   model	   of	   the	   free	   energy	   based	   on	   the	   average	   number	   of	   hydrogen	   bonds.	  
However,	  at	  298K	  the	  point	  corresponding	  to	  the	  free	  energy	  (ΔG)	  value	  of	  -­‐5.3	  kcal	  mol-­‐1	  obtained	  from	  one	  
simulation	   provided	   only	   0.87	   of	   the	   average	   number	   of	   hydrogen	   bonds	   significantly	   weakening	   the	  
correlation	   (R2=0.81).	   This	   data	   point	   corresponds	   to	   the	   case	   where	   aromatic	   stacking	   of	   EGCG	   with	  
tyrosine/phenylalanine	  residues	  was	  dominant	  (conformation	  shown	  in	  Figure	  4.3	  A).	  Aromatic	  residues	  which	  
constitute	  approximately	  10%	  of	  the	  SC	  keratin	  type	  1	  and	  10	  amino	  acids	  are	  thus	  very	  important	  in	  the	  initial	  
stabilization/assembly	  of	  EGCG	  molecules	  on	  the	  keratin	  surface.	  Hence	  it	  is	  not	  possible	  to	  predict	  the	  binding	  
free	   energy	   based	   on	   the	   average	   number	   of	   hydrogen	   bonds	   due	   to	   the	   presence	   of	   the	   aromatic	  
interactions.	  
	  
	  
Figure	  4.14.	  The	  average	  number	  of	  hydrogen	  bonds	  between	  EGCG	  and	  keratin	  versus	  the	  binding	  free	  energy	  
difference	  (at	  298	  K:	  R2	  =	  0.81,	  at	  308	  K:	  R2	  =	  0.96,	  at	  318	  K:	  R2	  =	  0.94)	  as	  well	  as	  EGCG/keratin	  buried	  surface	  
area	  (determined	  from	  the	  NPT	  equilibration	  prior	  pulling	  simulations)	  with	  respect	  to	  the	  binding	  free	  energy	  
difference	  (R2	  =	  0.88).	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  Figure	  4.14	  B	  also	  shows	  that	  the	  higher	  the	  value	  of	  the	  buried	  surface	  area	  between	  EGCG	  and	  keratin,	  the	  
greater	  the	  magnitude	  of	  ∆G,	  at	  all	  three	  temperatures.	  In	  all	  cases,	  EGCG	  expelled	  water	  molecules	  from	  the	  
keratin	   surface	   and	   became	   directly	   bound	   to	   the	   keratin	   during	   adsorption,	   suggesting	   the	   potential	   for	   a	  
favourable	  entropic	  contribution	  to	  the	  binding	  process.	  An	  example	  of	  decreasing	  number	  of	  hydrogen	  bonds	  
between	  EGCG	  and	  water	  over	  the	  binding	  process	  to	  keratin	  is	  presented	  in	  (Figure	  4.15).	  	  
	  
	  
Figure	  4.15.	  The	  example	  of	  the	  number	  of	  hydrogen	  bonds	  between	  EGCG	  and	  water	  molecules	  decreasing	  
over	  the	  simulation	  time	  at	  298	  K.	  EGCG	  during	  the	  binding	  process	  expelled	  water	  molecules	  from	  the	  keratin	  
surface.	  
	  
As	  described	  above,	  from	  each	  SMD	  simulation,	  the	  maximum	  pulling	  force	  is	  obtained.	  A	  linear	  correlation	  
of	   the	   rupture	   force	   (obtained	   in	   all	   cases	   at	   the	   same	  pulling	   rate)	   versus	   the	   free	  energy	  ∆G	  of	  binding	   is	  
observed	  in	  Figure	  4.16.	  With	  a	  single	  pulling	  reproducible	  (similar	  rupture	  forces	  obtained	  –	  Figure	  4.12)	  SMD	  
simulation	  for	  0.4	  ns	  it	  is	  possible	  to	  estimate	  the	  binding	  affinity	  in	  this	  system	  instead	  of	  time	  consuming	  US	  
calculations	   (20	  windows	   of	   50	   ns,	   1	   μs	   per	   PMF	   curve).	   The	   implication	   is	   that	   based	   on	   the	   strong	   linear	  
correlation	  it	  may	  be	  possible	  to	  estimate	  the	  free	  energy	  for	  other	  small	  molecules	  binding	  the	  most	  common	  
α-­‐helical	  motif	  via	  hydrogen	  bonds	  and/or	  hydrophobic	  collapse	  using	  single	  SMD	  simulation.	  
The	  binding	  free	  energy	  at	  a	  given	  temperature	  was	  estimated	  on	  the	  basis	  of	  the	  maximum	  and	  minimum	  
observed	  ∆G	  values,	  corresponding	  to	  ∆G298	  =	  -­‐6.2	  kcal	  mol
-­‐1,	  ∆G308	  =	  -­‐5.4	  kcal	  mol
-­‐1	  and	  ∆G318	  =	  -­‐4.9	  kcal	  mol
-­‐1	  
respectively.	  The	  binding	  affinity	  decreases	  as	  temperature	  increases	  due	  to	  the	  increase	  in	  the	  kinetic	  energy	  
(mobility)	  of	  molecules,	  hence	  leading	  to	  weaker	  interactions.	  The	  experimental	  validation	  has	  been	  conducted	  
by	   Yanyan	   Zhao	   (China	   Agricultural	   University)	   and	   is	   presented	   in	   Appendix	   I.	   The	   value	   obtained	   by	   ITC	  
experiment	   at	   298	   K	   resulted	   in	   ∆GExp=	   -­‐6.37	   kcal	   mol
-­‐1	   and	   provides	   excellent	   agreement	   to	   the	   result	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obtained	   via	   MD	   simulations.	   A	   multilayer	   assembly	   of	   EGCG	   molecules	   has	   been	   observed	   within	  
ultrafiltration	  which	  confirms	  computational	  findings.	  
	  
	  
Figure	  4.16.	  The	  linear	  correlations	  between	  the	  maximum	  pulling	  force	  (each	  value	  obtained	  from	  0.4	  ns	  of	  
steered	   molecular	   dynamics	   simulations)	   and	   the	   free	   energy	   obtained	   by	   umbrella	   sampling	   (each	   point	  
corresponds	  to	  20	  windows	  of	  50	  ns	  which	  corresponds	  to	  1μs	  of	  sampling)	  calculations	  (R2	  =	  0.98	  in	  all	  cases).	  
	  
	  
4.5.	  Conclusion	  
	  
The	  biological	  activity	  of	  EGCG	  mainly	  depends	  upon	  its	  equilibrium	  concentration,	  the	  binding	  free	  energy.	  
SC	   constitutes	   the	   first	   barrier	   for	   transdermal	   permeation	   of	   active	  molecules.	   Due	   to	   the	   high	   content	   of	  
keratin	  in	  SC	  (80%	  of	  its	  dry	  mass)	  the	  strength	  of	  the	  keratin-­‐EGCG	  interaction	  regulates	  its	  concentration	  in	  
the	   deeper	   skin	   layers.	   An	   understanding	   of	   those	   molecular	   interactions	   of	   the	   most	   active	   green	   tea	  
polyphenol	  (EGCG)	  with	  skin	  protein	  requires	  characterization	  of	  the	  thermodynamic	  properties	  of	  the	  system	  
as	  well	  as	  atomic-­‐scale	  structure	  and	  dynamics.	  In	  Appendix	  I	  the	  experimental	  results	  are	  presented	  for	  EGCG	  
binding	  keratin.	  The	  multilayer	  isotherm	  based	  on	  ultrafiltration	  and	  HPLC	  has	  been	  reported.	  In	  addition,	  the	  
binding	  free	  energy	  of	  ITC	  experimental	  data	  at	  298	  K	  (∆GExp	  =	  -­‐6.37	  kcal	  mol
-­‐1)	  was	  obtained.	  Hence,	  the	  aim	  of	  
this	  work	  was	   to	   validate	   and	   provide	  more	   detailed	   understanding	   of	   keratin-­‐EGCG	   interactions	   using	  MD	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simulations	   i.e.	   type	  of	   interactions	  governing	   the	  binding	  process,	   residues	  with	   the	  highest	  binding	  affinity	  
and	  the	  influence	  on	  temperature	  on	  the	  binding	  free	  energy.	  
	  Previously,	  EGCG	  was	  shown	  to	  bind	  vimentin	  (type	  III	  intermediate	  filaments)	  by	  affinity	  chromatography,	  
two-­‐dimensional	  electrophoresis,	  and	  mass	  spectrometry.74	  For	  the	  first	  time	  in	  this	  work,	  it	  has	  been	  shown	  
that	  EGCG	  binds	   to	   the	  helical	   and	   coiled	   coil	   part	  of	   type	   I	   and	   II	   human	  keratin	   intermediate	   filament	   (IF)	  
expressed	   in	   the	   stratum	   corneum.	  MD	   simulations	   of	   various	   keratin-­‐EGCG	   interaction	   systems	   have	   been	  
performed	   for	   a	   total	   of	   18	  μs	   starting	   from	  different	   initial	   configurations	   at	   three	  different	   temperatures.	  
Computer	  simulations	  revealed	  that	  hydrophobic	  assembly	  and	  in	  many	  cases	  aromatic	  interactions	  followed	  
by	  hydrogen	  bonding	   are	   the	   key	  mechanisms	   governing	   the	  binding	  of	   EGCG	   to	   keratin.	   This	   result	   is	  with	  
agreement	   with	   experimental	   studies	   where	   EGCG	   bound	   to	   serum	   albumin	   by	   hydrophobic	   collapse	   and	  
hydrogen	  bonding.192	  In	  this	  chapter,	  using	  MD	  the	  significance	  of	  the	  interactions	  with	  acidic	  amino	  acid	  side	  
chains	  with	  EGCG	  has	  been	  also	  shown.	  The	  previously	  experimentally	  suggested23	  multilayer	  binding	  of	  EGCG	  
to	  mucin	  via	  both	  hydrogen	  bonds	  and	  hydrophobic	  collapse	  is	  confirmed	  to	  be	  responsible	  for	  binding	  in	  the	  
EGCG-­‐keratin	  system.	  Similarly,	  MD	  simulations	  also	  confirm	  the	  multilayer	  assembly	  of	  EGCG	  on	  the	  keratin	  
surface	  revealed	  by	  ultrafiltration	  experiment	  (Appendix	  I).	  In	  those	  MD	  simulations,	  EGCG	  molecules	  formed	  
clusters	  which	  bind	  to	  keratin	  and	  spread	  over	  its	  surface.	  	  
Although	   in	   the	   free	   energy	   calculations	   the	   initial	   coordinates	   for	   US	   windows	   are	   pulling	   pathway	  
dependent,	  with	  the	  conserved	  reaction	  coordinate	  in	  all	  protein-­‐ligand	  complexes	  (distance	  perpendicular	  to	  
the	  helical	   axis)	   a	   good	   agreement	  between	  experiment	   and	   simulations	  was	   achieved.	  With	   the	   conserved	  
reaction	  coordinate	  the	   linear	  correlation	  between	  breaking	  points	   (rupture	  forces	  of	  different	  EGCG-­‐keratin	  
complexes)	  from	  short	  EGCG	  pulling	  simulations	  and	  the	  binding	  free	  energy	  difference	  from	  time	  consuming	  
US	  simulations	  was	  observed.	  This	  indicates	  that	  it	  may	  be	  possible	  to	  make	  good	  estimates	  of	  the	  binding	  free	  
energy	   for	   other	   small	   molecules	   to	   the	   alpha	   helical	   keratin	   surface	   from	   SMD	   simulations	   alone.	   MD	  
simulations	  also	  indicated	  that	  the	  increase	  in	  temperature	  results	   in	  a	  decrease	  in	  the	  EGCG	  binding	  affinity	  
towards	  keratin	  and	   the	  average	  number	  of	  hydrogen	  bonds	  between	   them	  which	   is	   in	  agreement	  with	   the	  
EGCG-­‐mucin	  system.23	  In	  this	  work,	  all	  MD	  results	  providing	  better	  understanding	  of	  keratin-­‐EGCG	  interactions	  
confirmed	  experimental	  part	  reaching	  excellent	  agreement.	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CHAPTER	  V	  
	  
Fe	   2+	   -­‐	   α-­‐Helix	   Wool	   Keratin	   Complex	   Studies	   via	  
Molecular	  Dynamics	  
	  
5.1.	  Introduction	  
	  
	  	  	  	  Ferrous	   ion	   is	  plays	  a	  key	  role	   in	  a	  number	  of	  biological	  processes	  such	  as	   	  dioxygen	  transport,	  electron	  
transfer,	   oxidation	   as	   well	   as	   stabilizing	   drug-­‐protein	   complexes.10,12,193	   Alpha	   helix	   is	   the	   most	   common	  
protein	   secondary	   structure	   and	   accounts	   for	   approximately	   30%	  of	   globular	   proteins.194	   	   Keratin,	   the	  main	  
structural	  protein	  of	  wool,	  skin,	  hair,	  nails	  is	  mainly	  composed	  of	  α-­‐helices	  hence	  used	  in	  these	  investigations.	  
The	  atomic	   level	   study	  of	   structural	  behaviour	   i.e.	  binding	   sites	  and	   the	   role	  of	   solvent	  effect	  as	  well	  as	   the	  
equilibrium	   thermodynamic	   properties	   of	   iron	   cations	   binding	   to	   alpha	   helical	   motif	   are	   essential	   to	  
understand	   the	   equilibrium	   concentration	   of	   the	   free	   iron.	   Further	   investigations	   are	   necessitated	   by	   a	  
detailed	   description	   of	   the	   thermodynamics	   i.e.	   equilibrium	   binding	   properties	   (free	   energy,	   enthalpic	   and	  
entropic	   contribution)	   thus	   the	  maximum	  reachable	  concentration	  as	  well	   as	  detailed	  atomic	  conformations	  
i.e.	   binding	   sites	   and	   the	   role	  of	  water	   in	   the	  binding	  process.	  Due	   to	   the	   advantage	  of	   yielding	   atomically-­‐
detailed	   data	   regarding	   the	   assessment	   of	   binding	   sites	   and	   associated	   conformational	   changes	   within	  
proteins,	  MD	  simulations	  of	  ligand-­‐protein	  interaction	  have	  recently	  provided	  complementary	  information.195-­‐
197	  A	  study83	  using	  quantum	  mechanical	  –	  molecular	  mechanical	  (QM/MM)	  approaches	  reported	  the	  possibility	  
of	   three	   different	   interactions	   between	   ferrous	   ion	   and	   anα -­‐helical	   peptide	   (Figure	   5.1).	   However,	   this	  
simulation	   was	   based	   upon	   an	   ideal	   protein	   environment	   and	   neglected	   solvent	   effects.	   Both	   the	   binding	  
thermodynamic	   properties	   and	   structural	   binding	   site	   assessment	   between	   α-­‐helix	   and	   ferrous	   ion	   remain	  
unknown	   and	   never	   been	   studied	   within	   MD	   simulations.	   The	   bioavailability	   of	   iron	   compounds	   is	   also	  
determined	   by	   their	   solubility.	   High	   water	   soluble	   iron	   compounds,	   such	   as	   ferrous	   sulphate	   and	   ferrous	  
gluconate,	  were	   proved	   to	   have	   higher	   bioavailability	   than	   poorly	  water	   soluble	   ones.198	   Therefore,	   ferrous	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gluconate	  was	   chosen	  here	   to	   study	   the	  binding	  affinity	  with	  alpha	  helical	   rich	  keratin	  of	  wool	  according	   to	  
experimental	  results	  presented	  in	  the	  Appendix	  II.	  	  
	  
	  
Figure	  5.1.	  Three	  possible	  types	  of	  binding	  site	  hypothesised	  by	  Jurinovich	  et	  al.83	  
	  
	  
The	  interactions	  between	  iron	  (II)	  ion	  and	  keratin	  have	  never	  been	  studied	  within	  MD	  simulations	  hence	  the	  
challenge	  lies	  in	  choosing	  the	  optimal	  way	  of	  treating	  ferrous	  ion	  at	  the	  atomistic	  level.	  
In	   computer	   simulations	   various	   models	   representing	   ions	   exist.	   This	   involves	   several	   polarized	   force	  
fields236-­‐238	  which	  takes	  into	  account	  the	  polarization	  effects	  and	  charge	  transfer	  as	  well	  as:	  	  bonded264,	  cationic	  
dummy248	   and	   nonbonded	  models.263,	   251	   In	   the	   bonded	  model	   the	   ion	   is	   treated	   as	   a	   covalent	   part	   of	   the	  
ligating	  residue	  which	  involves	  bond,	  angle,	  dihedral	  angle,	  point	  charge	  and	  van	  der	  Waals	  (vdW)	  parameters.	  
However,	  with	  covalent	  bond	  the	  binding	  free	  energy	  within	  MD	  simulations	  cannot	  be	  accurately	  estimated.	  
In	   the	   cationic	  dummy	  model	   the	   ion	  with	   its	   vdW	  parameters	  does	  not	   create	  any	   covalent	  bonds	  but	   the	  
charges	  are	  placed	  between	   ion	  and	   ligands	  to	  mimic	  the	  directionality	  of	  valence	  bonds.248	  The	  nonbonded	  
model	  involve	  its	  overall	  charge	  and	  vdW	  parameters	  being	  flexible	  with	  its	  coordinates.	  This	  simplified	  model	  
does	  not	   take	   into	  account	  polarization,	   charge	   transfer,	   charge	  distribution	  or	  covalent	  bonds	  also	  possible	  
with	   surrounding	   ligands.	   Although	   many	   sophisticated	   models	   exist,	   the	   nonbonded	   model	   due	   to	   its	  
simplicity	   is	   the	  most	  widely	  used	  by	  MD	  users	  hence	   applied	   in	   this	   study.	   The	  appropriate	   choice	  of	   vdW	  
(Lennard-­‐Jones	  potential	  within	  MD)	  parameters	   is	   thus	   the	  crucial	   step	   in	   realistic	   representation	  of	   ions	   in	  
the	  surrounding	  environment.	  For	  instance,	  in	  1990	  by	  reproducing	  hydration	  free	  energies	  (HFE)	  within	  free	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energy	   perturbation,	   Lennard-­‐Jones	   parameters	   for	  metal	   cations	   interacting	   with	   water	   were	   created	   and	  
adopted	  in	  early	  AMBER	  force	  filed.219	  The	  Zn2+	  Lennard-­‐Jones	  parameters	  produced	  by	  QM	  calculations	  fitting	  
the	  Zn2+−H2O	  potential	  energy	  surface	  together	  with	  experimental	  results	  as	  well	  as	  HFEs	  are	  currently	  widely	  
applied	  in	  MD.218	  The	  weak	  point	  of	  previously	  developed	  nonbonded	  models	  is	  their	  application	  with	  different	  
water	  models	  and	  treatment	  of	  the	  long	  ranged	  electrostatics.	  In	  the	  recent	  study	  (2013)200	  by	  the	  application	  
of	  the	  thermodynamic	  integration	  (TI),	  Lennard-­‐Jones	  parameters	  for	  24	  metal	  (II)	  ions	  with	  incorporated	  the	  
most	  widely	  used	  PME186,	  187	  method	  for	  long	  range	  electrostatics	  were	  built.	  Parameters	  were	  created	  for	  the	  
most	   commonly	   used	   4	   water	   models:	   TIP3P184,	   SPC/E211,	   TIP4P210,	   TIP4PEW.
196	   In	   these	   calculations	  
experimental	  HFEs,	  ion-­‐oxygen	  distance	  (IOD)	  in	  the	  first	  salvation	  shell	  as	  well	  as	  coordination	  numbers	  (CNs)	  
were	  aimed	  to	  be	  reproduced.	  However,	  it	  appeared	  that	  it	  is	  not	  possible	  to	  incorporate	  all	  three	  parameters	  
within	  one	  nonbonded	  potential.	  Hence,	   the	   three	   sets	  of	   Lennard-­‐Jones	  parameters	   for	  all	  4	  water	  models	  
were	   created	   separately:	   one	   reproducing	   HFEs	   with	   ±1	   kcal	   mol-­‐1	   accuracy	   without	   keeping	   CNs,	   one	  
reproducing	  experimental	  IOD	  with	  good	  agreement	  and	  low	  accuracy	  of	  CNs	  and	  the	  third	  one	  (named	  CM)	  
reproducing	  HFEs	  with	  ±2	  kcal	  mol-­‐1	  and	  conserving	  the	  experimental	  CNs.	  In	  this	  chapter,	  aiming	  at	  the	  simple	  
and	  computationally	   less	  expensive	  nonbonded	  model	  for	   iron	  (II)	   ion	  with	  the	  combination	  of	  TIP3P	  solvent	  
and	  Charmm22/CMAP121	  force	  field,	  the	  CM	  model	  was	  chosen.	  	  	  
	  
5.2.	  Objectives	  
	  
Experimental	   studies	   of	   the	   thermodynamic	   properties	   of	   wool	   keratin	   interacting	  with	   ferrous	   ion	   have	  
been	  quantitatively	  determined	  using	  ITC	  experiment	  by	  Dr	  Yanyan	  Zhao	  (China	  Agricultural	  University).	  These	  
results	  are	  presented	  in	  Appendix	  II.	  Within	  experiment,	  at	  three	  different	  temperatures	  (298,	  308,	  318	  K)	  free	  
energies	   together	  with	  significant	  entropic	  contribution	  were	  obtained	  by	   fitting	   the	  data	   to	  the	  “one	  set	  of	  
binding	  sites”	  model.	  Hence,	  the	  main	  challenge	  of	  this	  study	  is	  to	  provide	  more	  detailed	  molecular	  insight	  into	  
the	   experimental	   results	   of	   ferrous	   ion	   binding	   helical	  wool	   keratin	   using	  MD	   simulations.	   In	   particular	   the	  
following	  objectives	  have	  been	  defined:	  
• Evaluate	  the	  keratin	  binding	  site	  for	  iron	  ion	  validating	  ITC	  data,	  
• Validate	  experimental	  binding	  free	  energies	  at	  three	  different	  temperatures,	  
• Explain	  the	  significant	  entropic	  contribution	  obtained	  by	  ITC.	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For	   this	   purpose,	   herein	   using	   explicit	   solvent	   within	  MD	   simulation	   framework	   the	   interaction	   between	  
ferrous	   gluconate	   and	   keratin	   were	   investigated.	   Lennard-­‐Jones	   parameters	   for	   PME	   electrostatics	   for	  
nonbonded	  model	  with	  Fe2+	  predicted	  within	  the	  recent	  study200	  –	  CM	  model	  (described	  in	  the	  introduction	  of	  
this	   chapter)	   were	   employed.	   The	   choice	   arises	   from	   the	   incorporated	   reproduced	   experimental	   HFEs	  with	  
conserved	   CNs	   within	   this	   simple	   and	   widely	   used	   nonbonded	   model.	   MD	   simulations	   presented	   in	   this	  
chapter	  by	  employing	  simple	  nonbonded	  model	  for	  iron	  ion	  together	  with	  TIP3P	  solvent	  agreed	  extremely	  and	  
surprisingly	  well	  with	  the	  ITC	  results	  providing	  better	  understanding	  of	  experimental	  data.	  Both	  experimental	  
and	  simulation	  insights	  resulted	  in	  the	  published	  paper.199	  
	  
5.3.	  Methodology	  –	  Molecular	  Dynamics	  
5.3.1.	  Computational	  Details	  
	  
The	   structure	   of	   ferrous	   gluconate	  was	   built	   using	   Chimera	   1.5.3.176	   In	   order	   to	   create	   the	   topology,	   the	  
CHARMM	   General	   Force	   Field	   (CGenFF)177-­‐180	   for	   organic	   molecules	   (program	   version	   0.9.6	   beta)	   was	  
employed.	  The	  topology	  was	  then	  processed	  and	  translated	  into	  the	  GROMACS181	  format	  using	  in-­‐house	  code.	  
As	  previously	  mentioned	  the	  CM	  set	  of	  Lennard-­‐Jones	  parameters	  for	  Fe2+	   in	  the	  TIP3P184	  water	  model	  were	  
taken	  from	  the	  recent	  study	  by	  Li	  et	  al.	  200	  	  
The	  keratin	   sample	  used	   for	   the	   ITC	  study	  was	  a	  mixture	  of	  proteins	  of	  46	  kDa	  and	  65	  kDa	   (type	   I	  and	   II)	  
extracted	  from	  sheep	  wool.	  	  A	  survey	  of	  known	  keratin	  sequences	  from	  sheep	  wool	  was	  conducted.	  Therefore	  
type	  II	  keratin	  microfibrillar	  component	  5	  (http://www.uniprot.org/uniprot/P25691)	  was	  considered	  with	  MW	  
of	  55	  kDa	  being	  close	  to	  the	  average	  of	  the	  mixture	  of	  proteins	  used	  in	  experiment.	  Interactions	  of	  ferrous	  ion	  
with	  proteins	  are	  mainly	  governed	  by	  electrostatic	  interactions.	  In	  wool,	  acidic	  and	  basic	  residues	  accounts	  for	  
approximately	  13%	  and	  21%	  respectively.201	  Hence,	  the	  helical	  segment	  1A	  with	  a	  similar	  content	  of	  charged	  
amino	  acids	  (11.4%	  of	  acidic	  and	  20%	  of	  basic)	  was	  chosen.	  The	  choice	  of	  this	  helical	  segment	  arises	  from	  the	  
fact	   that	   the	  helical	   rod	  of	   the	  whole	  protein	   sequence	  accounts	   for	  over	  61%	   (307	  out	  of	  502	   residues).	   In	  
addition	  head	  and	  tail	  domains	  have	  a	  very	   low	  content	  of	  acidic	  residues	  (7	  out	  of	  502	  residues,	  1.4%).	  The	  
exposure	   of	   all	   residues	   in	   coiled	   coil	   conformation	   of	   two	   helices	   (sample	   used	   in	   experiment)	   is	  
approximately	  equal	  the	  potential	  binding	  site	  accessibility	  in	  single	  helix.	  Therefore	  the	  binding	  free	  energy	  in	  
units	  per	  mol	  can	  be	  compared	  between	  MD	  an	  ITC	  experiment.	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Segment	  1A	  of	  keratin	  was	  built	  using	  the	  PyMol	  software.	  The	  structure	  was	  then	  processed	  through	  the	  
H++	  online	   tool	   (http://biophysics.cs.vt.edu/H++)	   202-­‐204	   to	  predict	   likely	  pKa	  values	  at	  pH=4.5,	   in	  accordance	  
with	   our	   experiments.	   Ionisable	   keratin	   side	   chains	   with	   respect	   to	   the	   pKa	   were	   assigned	   their	   default,	  
charged	  state.	  The	  energy	  of	  the	  initial	  structure	  was	  then	  minimized	  in	  vacuum	  via	  the	  steepest	  descent	  (SD)	  
algorithm.	  
	  	  	  All	  MD	  simulations	  were	  performed	  using	  the	  GROMACS	  4.5.5	  181	  package	  with	  the	  CHARMM22/CMAP	  121	  
force	  field	  and	  the	  TIP3P184	  water	  model.	  Classical	  equations	  of	  motion	  were	  integrated	  with	  a	  Verlet	  leap-­‐frog	  
algorithm	  using	  a	  2	  fs	  time	  step.	  The	  LINCS185	  algorithm	  was	  employed	  to	  constrain	  bond	  lengths.	  A	  1.4	  nm	  cut-­‐
off	  distance	  was	  used	   for	   the	   short-­‐range	  neighbor	   list,	  updated	  every	   five	   steps	   (10	   fs),	   and	  van	  der	  Waals	  
interactions	  were	  cut	  off	  at	  1.4	  nm.	  The	  PME	  method186,187	  was	  used	  for	  the	  long	  range	  electrostatics	  with	  a	  1.2	  
nm	  real	  space	  cut-­‐off.	  The	  velocity	   rescale	   thermostat	  with	  additional	  stochastic	   term	  and	  Parinello-­‐Rahman	  
barostat188	  were	  used	  to	  maintain	  the	  temperature	  and	  pressure	   (at	  1	  bar).	  The	   initial	  velocities	  were	  set	   to	  
follow	  a	  Maxwell	  distribution.	  Periodic	  boundary	  conditions	  were	  used	   in	  all	  directions.	  All	   simulations	  were	  
performed	  on	  two	  Linux	  clusters	  at	  Imperial	  College	  London:	  Department	  of	  Chemical	  Engineering	  Computing	  
Service,	   URL:	   imperial.ac.uk/chemicalengineering	   and	   High	   Performance	   Computing	   Service,	   URL:	  
imperial.ac.uk/ict/services/teachingandresearchservices/highperformancecomputing.	  	  
	  
5.3.2.	  Simulation	  Setup	  
	  
	  	  	  Initially,	  a	  keratin	  segment	  of	  α-­‐helix	  was	  placed	  in	  the	  centre	  of	  a	  cubic	  box	  of	  512	  nm3.	  The	  termini	  were	  
treated	   in	   their	   uncharged	   state	   being	   a	   part	   of	   the	   55kDa	   keratin.	   A	   previous	   study	   hypothesized	   three	  
possibilities	   for	  Fe2+	   interaction	  modes	  with	  α-­‐helical	  polypeptide	  fragments.83	  This	   involved:	   type	   I,	   in	  which	  
ferrous	  ion	  interacted	  with	  amide	  nitrogen	  and	  carbonyl	  oxygen	  atoms	  of	  the	  polypeptide	  backbone;	  type	  II,	  in	  
which	  ferrous	  ion	  interacted	  with	  backbone	  carbonyl	  oxygens	  together	  with	  the	  side	  chain	  atoms	  of	  uncharged	  
polar	  residues	  (including	  serine	  glutamine,	  asparginine	  or	  threonine);	  and	  type	  III,	   in	  which	  only	  charged	  side	  
chain	   functional	   groups	   (of	   aspartate	   and	   glutamate	   residues)	   were	   responsible	   for	   forming	   interactions.	  
Therefore,	  to	  assess	  each	  of	  these	  possible	  α-­‐helix	  binding	  site	  modes,	  Fe2+	  were	  manually	  placed	  within	  0.2	  
nm	  of	  polar	  atoms	  of	  each	  of	  the	  three	  mentioned	  possible	  interaction	  sites.	  In	  particular,	  type	  II	  sites	  involved	  
either	  serine,	  asparagine	  or	  glutamine	  side	  chain	  oxygens	  in	  combination	  with	  neighbouring	  residue	  backbone	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carbonyl	  oxygens.	  In	  the	  case	  of	  type	  III,	  the	  most	  likely	  binding	  sites	  were	  negatively	  charged	  acidic	  residues,	  
and	  hence	  the	  Fe2+	  was	  placed	  in	  proximity	  of	  side	  chain	  functional	  oxygens	  of	  either	  aspartic	  or	  glutamic	  acid	  
carboxylate	  groups.	  In	  the	  case	  of	  the	  type	  I	  model,	  Fe2+	  was	  placed	  in	  proximity	  of	  backbone	  polar	  atoms	  of	  
different	   residues	   (polar,	   nonpolar,	   basic	   and	  acidic).	   Examples	  of	   initial	   configurations	   (type	   I,	   II	   and	   III)	   for	  
ferrous-­‐keratin	   complexes	   are	   shown	   in	   Figure	   5.2.	   The	   scope	   of	   the	   study	   involved	   the	   assessment	   of	   the	  
stability	   of	   each	  binding	   site	   in	   order	   to	   identify	   the	  potential	   binding	  pocket	   responsible	   for	  mediating	   the	  
interaction	  of	  keratin	  with	  other	  small	  molecules.	  	  
	  
	  
Figure	  5.2.	  Examples	  of	  initial	  configurations	  used	  in	  MD	  simulations	  for	  the	  binding	  site	  assessment:	  Type	  I	  -­‐	  
Fe2+	  interaction	  with	  backbone	  carbonyl	  oxygen	  (ALA67)	  and	  amide	  nitrogen	  (SER68);	  Type	  II	  -­‐	  Fe2+	  
interacting	  with	  side	  chain	  hydroxyl	  oxygen	  (SER68)	  and	  backbone	  carbonyl	  oxygen	  (ASP64);	  Type	  III	  -­‐	  Fe2+	  
coordinated	  by	  GLU71	  side	  chain	  carboxylate	  oxygens.	  Cartoon	  representation	  of	  helix	  –	  blue.	  Atoms	  are	  
shown	  as:	  red	  oxygens,	  cyan	  carbons,	  grey	  hydrogens,	  dark	  blue	  nitrogens,	  and	  yellow	  Fe2+.	  
	  
	  
	  
	  
	  	  	  Due	  to	  the	  fact	  that	  ferrous	  gluconate	  is	  fully	  dissociated	  in	  aqueous	  solution,	  gluconic	  acid	  moieties	  and	  
Fe2+	  were	  placed	  separately	  and	  then	  TIP3P184	  water	  molecules	  filled	  the	  remainder	  of	  the	  box.	  The	  initial	  mass	  
concentration	  of	  ferrous	  gluconate	  was	  set	  to	  3%	  which	  resulted	  in	  20	  molecules.	  12	  ferrous	  ions	  were	  placed	  
within	   three	   different	   hypothesized	   binding	   sites	   and	   the	   remaining	   ions	   and	   gluconic	   acid	   moieties	   were	  
placed	  randomly	  around	  the	  keratin	  α-­‐helical	  segment.	  To	  neutralize	  the	  excess	  system	  charge	  resulting	  from	  
the	   presence	   of	   acidic	   keratin	   α-­‐helix	   residues,	   one	   Na+	   ion	   was	   added.	   Using	   the	   SD	   algorithm,	   energy	  
minimization	  was	  then	  conducted	  to	  relax	  any	  steric	  overlap	  between	  solute	  and	  solvent.	  The	  system	  was	  then	  
equilibrated	  in	  the	  canonical	  ensemble	  (NVT)	  for	  0.2	  ns	  and	  then	  in	  the	  isothermal-­‐isobaric	  ensemble	  (NPT	  –	  
constant	  number	  of	  atoms,	  pressure	  and	  temperature)	  for	  another	  0.2	  ns,	  allowing	  only	  water	  and	  neutralizing	  
ions	  to	  move	  freely.	  Production	  simulations	  were	  then	  run	  for	  100	  ns	  at	  3	  different	  temperatures:	  298,	  308	  and	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318	  K.	  	  	  Free	  energy	  calculations	  were	  performed	  using	  the	  umbrella	  sampling	  (US)	  method.	  Initial	  coordinates	  
for	  US	  windows	  were	  obtained	  by	  steered	  molecular	  dynamics	  (SMD)	  simulations,	  in	  which	  Fe2+	  was	  gradually	  
pulled	   away	   from	   the	   α-­‐helical	   segment	   of	   keratin	   surface.	   A	   constant	   velocity	   was	   applied	   to	   Fe2+	   with	   a	  
harmonic	   potential	   (“virtual	   spring”)	   providing	   initial	   configurations	   for	   free	   energy	   calculations	   along	   the	  
distance	  between	  the	  two	  species.	  A	  systematic	  assessment	  of	  the	  influence	  of	  different	  binding	  constants,	  as	  
well	   as	  pulling	   velocities	  on	   the	   force	   versus	   time	  profiles	   in	   the	   SMD	   simulations	  were	   conducted,	   and	  are	  
presented	  within	  the	  results	  section.	  
	  
5.4.	  Results	  –	  Molecular	  Dynamics	  
5.4.1.	  Assessment	  of	  Binding	  Sites	  
	  
	  	  	  The	  three	  types	  likely	  binding	  sites	  (I,	  II	  and	  III)	  for	  Fe2+	  binding	  to	  protein	  reported	  in	  the	  literature	  83	  were	  
assessed	  based	  on	  100	  ns	  simulation	  trajectories.	  In	  Figure	  5.3,	  the	  most	  stable	  examples	  of	  Fe2+	  binding	  to	  α-­‐
helical	   segment	   of	   keratin	   at	   type	   I,	   type	   II	   and	   type	   III	   sites	   as	   a	   distance	   over	   the	   simulation	   time	   are	  
presented.	   This	   distance	   corresponds	   to	   the	   one	   between	   the	   centre	   of	   mass	   of	   polar	   atom(s)	   of	   a	   given	  
binding	  site	  and	  ferrous	  ion.	  It	  can	  be	  noted	  that	  only	  the	  distance	  of	  iron	  from	  type	  III	  binding	  site	  remained	  
constant.	   The	   most	   stable	   interaction	   of	   molecular	   coordination	   structure	   is	   shown	   in	   Figure	   5.4	   A	   which	  
corresponds	  to	  the	  type	  III	  in	  Figure	  5.3.	  	  
	  
	  
	  
Figure	  5.3.	  The	  most	  stable	  MD	  simulation	  of	  Fe2+	  binding	  to	  α-­‐helix	  at	  three	  suggested	  sites	  type	  I,	  II	  and	  III.	  
Type	  III	  binding	  site	  was	  shown	  to	  be	  the	  most	  stable,	  with	  the	  ion	  remaining	  bound	  to	  the	  acidic	  side	  chain	  
carboxylate	  oxygen	  atoms	  for	  the	  whole	  100	  ns	  simulation.	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Figure	  5.4.	  Final	  conformations	  of	  ferrous	  gluconate	  with	  α-­‐helix:	  A)	  Fe2+	  stacked	  in	  between	  two	  glutamic	  acid	  
(GLU79	   and	   GLU82)	   side	   chain	   carboxylate	   groups,	   coordinated	   by	   water	   molecules;	   B)	   Fe2+	   and	   water	  
molecules	  bound	  to	  a	  GLU71	  side	  chain	  carboxylate	  oxygen.	   Iron	  mediates	   ionic	   interactions	  with	  a	  gluconic	  
moiety	  which	  also	  forms	  a	  hydrogen	  bond	  (red	  dotted	  line)	  with	  glutamic	  acid;	  Cartoon	  representation	  of	  helix	  
–	  blue;	  Fe2+	  –	  yellow	  sphere,	  gluconate	  –	  green;	  protein	  atoms:	  oxygens	  (red),	  carbons	  (cyan),	  hydrogen	  (grey),	  
nitrogen	  (blue).	  
	  
	  
	  
In	  one	  case,	   Fe2+	  was	  placed	  within	  0.2	  nm	  of	  both	   the	   side	  chain	   carboxylate	  oxygens	  of	  GLU57	  and	   the	  
neighbouring	  side	  chain	  hydroxyl	  oxygen	  of	  THR58	  which	  corresponded	  to	  type	  II	  bind	  site.	  The	  corresponding	  
snapshots	   together	  with	   the	  distance	  of	   Fe2+	   from	   the	   centre	  of	  mass	  of	  both	  GLU57	  and	  THR58	   side	   chain	  
oxygens	  are	  presented	  in	  Figure	  5.5.	  More	  examples	  of	  type	  I,	  II	  and	  III	  stability,	  in	  terms	  of	  the	  distance	  from	  
the	  interacting	  site	  versus	  time,	  are	  presented	  in	  Figure	  5.6.	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Figure	  5.5.	  Fe2+	  binding	  to	  α-­‐helix	  at	  type	  II	  binding	  site.	  After	  7	  ns,	  Fe2+	  moved	  away	  from	  type	  II	  binding	  site,	  
initially	   located	   between	   GLU57	   and	   THR58,	   to	   type	   III	   binding	   site	   occupying	   only	   carboxylate	   oxygens	   of	  
GLU57,	  and	  remained	  there	  until	  the	  end	  of	  the	  100	  ns	  simulation.	  The	  distance	  with	  the	  carboxylate	  oxygen	  
atoms	  remained	  stable	  throughout.	  Atoms	  are	  shown	  as	  red	  oxygens,	  cyan	  carbons,	  grey	  hydrogens,	  dark	  blue	  
nitrogens	  and	  yellow	  Fe2+.	  
	  
	  
	  
	  
	  
Figure	  5.6.	  Distances	  of	  Fe2+	  from	  polar	  atoms	  of	  binding	  site	  of	  type	  I,	  II	  and	  III	  as	  a	  function	  of	  the	  simulation	  
time.	  Type	  I	  and	  II	  did	  not	  show	  any	  stability	  in	  contrast	  to	  type	  III	  where	  in	  all	  cases	  iron	  ion	  remained	  within	  
GLU	  or	  ASP	  side	  chain	  oxygens.	  OE1,	  OE2	  –	  side	  chain	  oxygens,	  O	  –	  backbone	  oxygen,	  N	  –	  backbone	  nitrogen.	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A	  recent	  study	  83	  suggested	  three	  possible	  binding	  types	  between	  Fe2+	  and	  protein	  amino	  acid	  residues	  of	  
ferritin	   (as	   illustrated	   in	   Figure	   5.1	   and	   5.2).	   The	   results	   from	   the	  molecular	   simulation	   confirmed	   that	   only	  
ferrous	  ions	  at	  type	  III	  side	  chain	  carboxylate	  oxygens	  of	  both	  glutamic	  and	  aspartic	  acid	  remained	  stable	  for	  
the	   whole	   simulation	   time	   (Figure	   5.3,	   Figure	   5.6).	   Ferrous	   ions	   at	   type	   I	   and	   II	   locations	   drifted	   away,	  
suggesting	  weak	   interactions.	   This	   is	   further	   confirmed	   in	   Figure	   5.5:	   Fe2+	   remained	  only	   7	   ns	   in	   the	   type	   II	  
configuration	  and	  then	  drifted	  towards	  the	  side	  chain	  oxygens	  of	  GLU57,	  remaining	  exclusively	  coordinated	  by	  
the	  carboxylate	  group	  until	  the	  end	  of	  the	  100	  ns	  simulation.	  In	  this	  case,	  the	  distance	  of	  Fe2+	  from	  the	  GLU57	  
carboxylate	  oxygen	  atoms	  remained	  constant	  for	  the	  whole	  simulation	  time.	  	  	  	  
The	  gluconic	  acid	  moieties	  of	  ferrous	  gluconate	  appear	  to	  have	  very	  small	  affinity	  towards	  wool	  keratin.	  Of	  
20	  initially	  placed	  gluconic	  acid	  anions,	  only	  1-­‐2	  (at	  298	  K)	  or	  3-­‐5	  (at	  308	  K)	  became	  stacked	  onto	  the	  α-­‐helix	  
surface	   via	   ionic	   interactions	   and	   hydrogen	   bonds	   (Figure	   5.3.B).	   The	   mediating	   atom	   of	   ionic	   interactions	  
between	   α-­‐helix	   and	   the	   gluconate	   tended	   to	   be	   the	   coordinated	   ferrous	   ion.	   However,	   those	   weak	  
interactions	   did	   not	   remain	   for	   significant	   proportions	   of	   the	   simulation	   time,	   and	   hence	   are	   not	   further	  
discussed	  here.	  	  
	  
5.4.2.	  Free	  Energy	  Calculations	  
	  
	  	  	  From	   the	  MD	  simulation,	   the	   final	   conformations	  of	   the	   Fe2+	   -­‐	  α-­‐helix	   complex	  at	   type	   III	   binding	  mode	  
(ferrous	   ion	   bound	   to	   glutamic	   acid	   side	   chain	   functional	   groups	   –	   Figure	   5.4A)	   were	   extracted.	   Initial	  
coordinates	  for	  the	  US	  windows	  were	  obtained	  using	  SMD	  with	  a	  constant	  pulling	  rate.	  First,	  an	  assessment	  of	  
the	  effect	  of	  different	  force	  constants	  at	  the	  same	  velocity	  was	  performed.	  For	  this	  purpose,	  Fe2+	  was	  pulled	  2	  
nm	  away	  from	  keratin	  α-­‐helical	  segment,	  with	  a	  velocity	  of	  10	  nm	  ns-­‐1,	  with	  harmonic	  spring	  constants	  of:	  960,	  
480,	  240,	  120	  and	  48	  kcal	  mol	  nm-­‐2.	  The	  force	  versus	  time	  profiles	  of	  these	  SMD	  simulations	  are	  presented	  in	  
Figure	  5.7.	  During	  the	  assessment	  of	  force	  constants	  at	  the	  constant	  pulling	  rates,	  the	  weaker	  force	  constants	  
(120	  and	  48	  kcal	  mol-­‐1	  nm-­‐2)	  were	  insufficient	  to	  extract	  Fe2+	  from	  the	  keratin	  type	  III	  acidic	  pocket,	  and	  a	  force	  
breaking	   point	   was	   not	   reached.	   With	   the	   stronger	   force	   constants	   (240,	   480	   and	   960	   kcal	   mol-­‐1	   nm-­‐2)	   a	  
maximum	  pulling	  force	  corresponding	  to	  the	  breaking	  point	  was	  obtained.	  This	  rupture	  force	  corresponds	  to	  
the	  point	  when	  the	  ionic	  bond	  between	  the	  ion	  and	  the	  acidic	  carboxylate	  group	  was	  broken.	  It	  is	  worth	  noting	  
that	  with	  an	  increase	  of	  the	  strength	  of	  the	  spring,	  the	  breaking	  points	  were	  reached	  within	  shorter	  times,	  but	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the	   results	   were	   otherwise	   comparable.	   Thus,	   an	   intermediate	   spring	   constant	   of	   480	   kcal	   mol-­‐1	   nm-­‐2	   was	  
chosen	  for	  subsequent	  pulling	  simulations.	  
Similarly,	   to	  assess	   the	   influence	  of	  different	  pulling	   rates,	   velocities	  of	  1,	  5	  and	  10	  nm	  ns-­‐1	  were	  applied,	  
with	  a	  spring	  constant	  of	  480	  kcal	  mol-­‐1	  nm-­‐2	  (Figure	  5.8).	  Application	  of	  different	  pulling	  velocities	  produced	  
identical	  force	  versus	  time	  profiles.	  Hence,	  the	  fastest	  pulling	  rate	  of	  10	  nm	  ns-­‐1	  (with	  a	  spring	  constant	  of	  480	  
kcal	  mol-­‐1	  nm-­‐2)	  was	  chosen	  to	  produce	  the	  initial	  coordinates	  for	  US	  windows.	  	  
	  
	  
	  
Figure	   5.7.	   The	   assessment	   of	   different	   binding	   constants	   (48	   –	   960	   kcal	   mol-­‐1	   nm-­‐2)	   in	   steered	   molecular	  
dynamics	  simulations	  of	  pulling	  Fe2+	  away	  from	  the	  acidic	  pocket	  at	  the	  constant	  pulling	  rate	  of	  10	  nm	  ns-­‐1.	  The	  
force	  versus	  time	  profiles	  provided	  breaking	  points	   (maxima)	  with	  spring	  constants	  of	  240,	  480	  and	  960	  kcal	  
mol-­‐1	  nm-­‐2.	  Lower	  values	  of	  the	  spring	  strength	  did	  not	  allow	  extracting	  iron	  from	  keratin	  surface.	  
	  
	  
	  
Figure	  5.8.	  Force	  versus	  time	  profiles	  from	  steered	  molecular	  dynamics	  simulations	  of	  pulling	  ferrous	  ion	  away	  
from	  the	  acidic	  keratin	  pocket	  with	  a	  force	  constant	  of	  480	  kcal	  mol-­‐1	  nm-­‐2	  at	  1,	  5	  and	  10	  nm	  ns-­‐1.	  
	  
97 
 
The	  SMD	  trajectory	  was	  used	  to	  extract	  initial	  coordinates	  for	  free	  energy	  calculations	  by	  US	  method.	  Since	  
the	   system	   is	   largely	   governed	   by	   ionic	   interactions,	   extensive	   sampling	   was	   required	   in	   order	   to	   obtain	   a	  
reasonable	  histogram	  overlap.	  Thus,	  a	  mean	  spacing	  of	  0.1	  nm	  with	  100	  ns	  sampling	  per	  US	  window	  was	  used	  
along	   this	   coordinate.	   As	   a	   result,	   22	   US	   windows	   of	   100	   ns	   each	   were	   calculated	   at	   each	   of	   three	  
temperatures.	  The	  harmonic	  spring	  constant	  in	  the	  US	  windows	  ranged	  between	  120	  and	  480	  kcal	  mol-­‐1	  nm-­‐2.	  
The	  weighted	  histogram	  analysis	  method	  WHAM152,189	  was	   then	  used	   to	   combine	  all	  windows	  and	  yield	   the	  
PMF	   curve	   (free	   energy	   along	   the	   reaction	   coordinate).	   The	   first	   10	   ns	   of	   each	   window	   were	   omitted	   for	  
system	  equilibration.	  In	  Figure	  5.9	  the	  PMF	  curves	  are	  shown	  at	  three	  different	  temperatures	  for	  Fe2+	  binding	  
to	  α-­‐helix	  together	  with	  an	  example	  of	  US	  histograms,	  showing	  excellent	  overlap.	  	  
	  
	  
	  
Figure	  5.9.	  A)	  Potential	  of	  mean	  force	  (PMF)	  curves	  for	  Fe2+	  –	  α-­‐helix	  polypeptide	  segment	  of	  keratin	  
interaction	  at	  298,	  308	  and	  318	  K,	  together	  with	  B)	  an	  example	  of	  umbrella	  sampling	  histograms	  at	  298	  K.	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The	  first	  PMF	  minimum	  (Figure	  5.9)	  corresponds	  to	  the	  configurations	  in	  which	  Fe2+	  strongly	  interacted	  with	  
acidic	  carboxylate	  oxygens	  of	  α-­‐helix.	  The	  second	  local	  minimum	  at	  approximately	  0.4	  nm	  represents	  the	  first	  
coordination	   shell	   when	   ferrous	   ion	   was	   cross-­‐linked	   to	   the	   acidic	   side	   chain	   via	   a	   water	   molecule,	   as	  
confirmed	   by	   the	   step-­‐wise	   increase	   in	   hydrogen-­‐bonds	   between	   α-­‐helix	   and	  water	   at	   this	   distance	   (Figure	  
5.10).	  The	  PMF	  then	  increases	  with	  distance,	  and	  reaches	  a	  plateau	  at	  around	  ~1-­‐1.5	  nm.	  
The	   free	   energy	   is	   the	   difference	   between	   the	   initial	   and	   the	   final	   state	   at	   plateau.	   The	   obtained	   free	  
energies	   were	   ∆G298	   =	   -­‐7.2	   kcal	  mol
-­‐1,	   ∆G308	   =	   -­‐7.6	   kcal	  mol
-­‐1	   and	   ∆G318	   =	   -­‐7.9	   kcal	  mol
-­‐1,	   yielding	   a	   striking	  
agreement	   with	   the	   experimental	   ITC	   data	   (Table	   4.1	   -­‐	   ∆GEXP)	   described	   in	   details	   in	   the	   Appendix	   II.	   	   The	  
increasing	  temperature	  resulted	  in	  an	  increase	  of	  the	  binding	  energy	  in	  both	  experiments	  and	  MD	  simulations	  
(Table	  5.1).	  The	  error	  was	  estimated	  to	  be	  ±	  0.2	  kcal	  mol-­‐1	  and	  was	  assessed	  by	  dividing	  the	  whole	  sampling	  
trajectory	  into	  five	  blocks	  of	  20	  ns	  and	  calculating	  the	  individual	  PMF	  curves.	  Although	  the	  excellent	  agreement	  
between	  binding	  affinities	  obtained	  by	  MD	  simulations	  and	  experiment	  are	  surprising	  and	  fortunate	  it	  is	  shown	  
that	  with	  the	  simple	  nonbonded	  model	  for	  iron	  ion	  and	  TIP3P	  water	  model	  a	  great	  accuracy	  can	  be	  reached.	  	  	  
	  
Table	  5.1.	   Thermodynamic	  parameters	   for	   ferrous	  gluconate	  binding	   to	  keratin	  at	  different	   temperatures	  of	  
298,	   308	   and	   318	   K	   obtained	   by	   isothermal	   titration	   calorimetry	   which	   is	   described	   in	   Appendix	   II.	   Data	  
obtained	   by	   fitting	   the	   isothermal	   titration	   calorimetry	   data	   to	   equation	   (A.II.1)	   and	   (A.II.2).	   Results	   from	  
molecular	   dynamics	   simulations	   (∆GMD)	   are	   also	   provided.	   Mean	   absolute	   error	   (MAE)	   of	   the	   free	   energy	  
between	  experiment	  and	  molecular	  simulations	  is	  below	  3.1%.	  	  
	  
Temperature	  	  
(K)	  
∆HEXP	  
[kcal/mol]	  
T∆SEXP	  
[kcal/mol]	  
∆GEXP	  
[kcal/mol]	  
∆GMD	  
[kcal/mol]	  
MAE*	  	  
298	   -­‐0.86±0.05	   6.57±0.14	   -­‐7.43±0.19	   -­‐7.20±0.20	   3.09	  
308	   -­‐1.05±0.04	   6.64±0.13	   -­‐7.69±0.17	   -­‐7.60±0.20	   1.17	  
318	   -­‐1.12±0.05	   6.88±0.18	   -­‐8.00±0.23	   -­‐7.90±0.20	   1.25	  
	  
*MAE = ∆!!"#!∆!!"∆!!"# ×100%	  
	  
In	  order	  to	  show	  the	  reduced	  entropic	  cost	  for	  Fe2+	  binding	  due	  to	  water	  displacement	  from	  the	  acidic	  type	  
III	  binding	  site	  at	  increasing	  temperatures,	  the	  average	  number	  of	  hydrogen	  bonds	  between	  acidic	  side	  chains	  
and	   water	   molecules	   as	   a	   function	   of	   US	   distance	   (Figure	   5.9)	   was	   calculated.	   The	   hydrogen	   bonds	   were	  
collected	   based	   on	   a	   0.35	   nm	   cut-­‐off	   distance	   between	   donor	   and	   acceptor	   atoms	   as	   well	   as	   a	   hydrogen-­‐
donor-­‐acceptor	  angle	  of	  30˚,	  and	  then	  averaged	  over	  the	  100	  ns	  simulation	  time	  of	  each	  window.	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Figure	  5.10.	  The	  average	  number	  of	  hydrogen	  bonds	  between	  acidic	  side	  chain	  oxygens	  and	  water	  molecules	  
at	  298,	  308	  and	  318	  K	  as	  function	  of	  the	  distance	  of	  Fe2+	  and	  keratin	  α-­‐helix	  acidic	  binding	  site.	  Hydrogen	  bonds	  
were	   calculated	   from	  umbrella	   sampling	  windows	  based	  on	   a	   0.35	   nm	   cut-­‐off	   distance	   between	  donor	   and	  
acceptor	   atoms	   as	   well	   as	   a	   hydrogen-­‐donor-­‐acceptor	   angle	   of	   30˚,	   and	   then	   averaged	   over	   the	   100	   ns	  
simulation	  time	  of	  each	  window.	  
	  
A	  previous	   ITC	   study	  on	  Fe2+	  binding	   to	  Human	  H-­‐Chain	  Ferritin	  also	  demonstrated	   large	  positive	  entropy	  
changes.82	  The	  free	  energy	  obtained	  by	  their	  ITC	  measurments	  was	  nearly	  identical	  (-­‐7.09	  kcal	  mol-­‐1,	  298	  K,	  pH	  
6.5)	  in	  comparison	  to	  MD	  and	  ITC	  results	  in	  this	  work	  (∆GMD	  =	  -­‐7.2	  kcal	  mol
-­‐1	  ,	  ∆GExp	  =	  -­‐7.43	  kcal	  mol
-­‐1	  at	  298	  K).	  
The	   large	   entropy	   change	   was	   hypothesized	   to	   be	   due	   to	   the	   displacement	   of	   water	   molecules	   bound	   to	  
protein	   acidic	   residues	   and	   was	   further	   confirmed	   by	   the	  MD	   simulation.	  With	   the	   increase	   of	   the	   kinetic	  
energy	  (temperature),	  there	  was	  a	  greater	  propensity	  to	  release	  the	  water	  molecules	  from	  the	  α-­‐helix	  surface,	  
leading	  to	  the	  higher	  entropic	  contribution	  and	  thus	  the	  greater	  magnitude	  in	  the	  binding	  free	  energies.	  The	  
average	  number	  of	  hydrogen	  bonds	  between	  acidic	  pocket	  and	  water	  molecules	  within	  US	  windows	  in	  Figure	  
5.10	  confirms	  the	  entropic	  findings.	  It	  is	  observed	  that	  within	  0.4	  nm,	  the	  acidic	  side	  chains	  were	  occupied	  by	  
ferrous	   ion,	   thus	   blocking	   access	   to	  water.	   The	   release	   of	   ferrous	   ion	   from	   the	   α-­‐helix	   surface	   at	   distances	  
greater	   than	   0.4	   nm	   was	   associated	   with	   an	   increasing	   number	   of	   hydrogen	   bonds	   between	   the	   acidic	  
carboxylate	  oxygens	  and	  water	  molecules.	  Once	  the	  distance	  between	  ferrous	  ion	  and	  a-­‐helix	  surface	  became	  
greater	   than	   0.7	   nm,	   the	   average	   number	   of	   hydrogen	   bonds	   remained	   constant.	   As	   higher	   temperatures	  
resulted	   in	   a	   greater	   mobility	   of	   solvent	   molecules,	   the	   lower	   stability	   of	   associated	   hydrogen	   bonds	   with	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protein	   was	   observed.	   This	   explains	   the	   greater	   entropic	   contribution	   associated	   with	   the	   displacement	  
(release)	  of	  water	  during	  the	  binding	  of	  ferrous	  ion	  at	  higher	  temperatures.	  
	  
5.5.	  Conclusion	  
	  	  	  
Ferrous	   ion	   is	  plays	  a	  key	  role	   in	  a	  number	  of	  biological	  processes.10,12,205	  Alpha	  helix	   is	   the	  most	  common	  
protein	   secondary	   structure	   and	   accounts	   for	   approximately	   30%	  of	   globular	   proteins.206	   	   The	   Fe2+	   -­‐	   α-­‐helix	  
interactions	  have	  never	  been	  studied	  in	  the	  water	  environment.	  Previous	  study83	  using	  quantum	  mechanical	  –	  
molecular	  mechanical	   (QM/MM)	  approaches	   reported	   the	  possibility	  of	   three	  different	   types	  of	   interactions	  
between	  ferrous	  ion	  and	  an	  α-­‐helical	  peptide	  (Figure	  5.1	  and	  5.2)	  neglecting	  solvent	  effects.	  Both	  the	  binding	  
thermodynamic	  properties	  and	  structural	  binding	  site	  assessment	  between	  α-­‐helix	  and	  ferrous	   ion	  remained	  
unknown.	  
For	   the	   first	   time	   in	   this	  work,	   the	   Fe2+	   -­‐	   α-­‐helix	   rich	   keratin	   complex	  were	   studied	  by	  MD	   simulations	   in	  
explicit	  water	  environment	  by	  the	  use	  of	  simple	  nonbonded	  model	   for	   ion.	  The	  purpose	  of	  this	  work	  was	  to	  
validate	  and	  provide	  better	  understanding	  of	  experimental	  results	  conducted	  at	  the	  same	  time	  by	  Dr	  Yanyan	  
Zhao	  (China	  Agricultural	  University)	  which	  are	  presented	   in	  Appendix	   II.	   ITC	  experiments	  were	  best	   fitted	  by	  
“one	   set	   of	   identical	   binding	   sites”.	  Herein,	  MD	   results	   explained	   that	   ferrous	   gluconate	   interaction	  with	  α-­‐
helix	   rich	   keratin	   is	   dominated	  by	   the	  binding	  of	   ferrous	   ion	   to	   acidic	   side	   chain	   carboxylate	   group	  oxygens	  
(Type	  III).	  In	  other	  cases	  (Type	  I	  and	  II)	  ferrous	  ion	  drifted	  away	  suggesting	  weak	  interactions.	  It	  was	  observed	  
by	  both	  experiment	  and	  MD	  simulations	  that	  higher	  temperatures	  facilitated	  the	  binding	  process.	  There	  was	  a	  
great	  agreement	  between	  ITC	  and	  MD	  simulation	  in	  terms	  of	  obtained	  binding	  free	  energies	  at	  three	  different	  
temperatures.	  Although	  the	  excellent	  agreement	  between	  binding	  affinities	  obtained	  by	  MD	  simulations	  and	  
experiment	  are	  surprising	  and	  fortunate	   it	   is	   shown	  that	  with	  the	  simple	  nonbonded	  model	   for	   iron	   ion	  and	  
TIP3P	  water	  model	  a	  great	  accuracy	  can	  be	  reached.	  	  It	  also	  appeared	  that	  the	  studied	  within	  MD	  simulation	  
short	  helical	  polypeptide	  (35	  residues)	  was	  representative	  enough	  in	  terms	  of	  the	  number	  of	  acidic	  residues	  in	  
the	  whole	  protein	  used	  in	  experiment.	  The	  helical	  part	  in	  the	  whole	  protein	  accounts	  for	  61%.	  The	  remaining	  
unstructured	   terminals	   had	  negligible	  number	  of	   acidic	   residues	   thus	   the	   free	  energy	   in	   kcal	  mol-­‐1	   could	  be	  
compare	  to	  experiment	  where	  helix	  only	  is	  responsible	  for	  binding.	  ITC	  data	  suggested	  the	  entropically	  driven	  
process	  and	  that	  with	  the	  increase	  of	  temperature	  the	  greater	  the	  entropic	  contribution.	  This	  is	  was	  explained	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by	  MD	  that	  due	  to	  the	  increased	  mobility	  of	  solvent	  molecules	  and	  hence	  lower	  stability	  of	  hydrogen	  bonds	  of	  
ferrous	  ion	  with	  the	  acidic	  pocket.	  A	  greater	  displacement	  of	  water	  from	  the	  α-­‐helix	  surface	  upon	  Fe2+	  binding	  
was	  observed	  at	  lower	  temperatures,	  confirming	  the	  importance	  of	  the	  entropic	  contribution.	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CHAPTER	  VI	  
	  
Ligand	  Binding	  Keratin	  α-­‐Helix	  –	  Free	  energy	  via	  MD	  
and	  SMD	  Simulations	  
	  
	  
6.1.	  Introduction	  
	  
The	  binding	  free	  energy	  is	  one	  of	  the	  most	  important	  and	  desired	  thermodynamic	  properties	  in	  simulations	  
of	  biological	   systems.138,207	  Recently,	   there	  has	  been	  an	   increasing	  number	  of	   studies	   focused	  on	   	  predicting	  
the	   binding	   free	   energy	   of	   small	   molecules	   to	   proteins	   via	   molecular	   dynamics	   (MD)	   simulations	   in	  
combination	   with	   experimental	   measurements.2-­‐4	   The	   progress	   made	   suggests	   that	   MD	   may	   soon	   be	   a	  
practical	  predictive	  tool	  in	  drug	  discovery.	  Although	  MD	  methods	  which	  involve	  explicit	  solvent	  often	  provide	  
very	   accurate	  prediction	  of	  binding	  affinities134,	   173,	   195,	   197,	   199,	   208-­‐209,	   they	  are	   computationally	   expensive.	   For	  
instance,	   to	   yield	   well	   converged	   properties	   from	   US	   calculations,	   sampling	   over	   timescales	   ranging	   from	  
hundreds	  of	  nanoseconds	  to	  microseconds	  is	  often	  required.	  
In	   drug	   design,	   steered	   molecular	   dynamics	   (SMD)	   simulations	   are	   able	   to	   provide	   information	   about	  
mechanical	   properties	   as	   well	   as	   the	   structural	   changes	   within	   proteins,	   or	   in	   protein-­‐protein	   and	   protein-­‐
ligand	  complexes.	  212-­‐215	  SMD	  has	  been	  widely	  used	  and	  the	  results	  are	  often	  able	  to	  reproduce	  results	   from	  
experimental	  data	  obtained	  via	  atomic	  force	  microscope	  (AFM).	  In	  SMD,	  a	  constant	  force	  or	  velocity	  is	  applied	  
to	  a	  specified	  group	  of	  atoms	  attached	  to	  a	  “virtual	  spring”.	  SMD	  has	  been	  shown	  to	  be	  a	  very	  predictive	  tool	  
in	   drug	   design	   216	   providing	   binding	   affinity	   estimates	   using	   the	   Jarzynski	   equality.217	   However,	   this	  method	  
requires	  hundreds	  to	  thousands	  pulling	  simulations.	  In	  chapter	  IV	  (Figure	  4.16),	  a	  linear	  dependency	  between	  
the	  maximum	  pulling	  force	  obtained	  from	  SMD	  simulations	  and	  free	  energies	  obtained	  via	  US	  (experimentally	  
validated)	   for	   helical	   part	   of	   keratin	   interacting	   with	   epigallocatechin-­‐3-­‐gallate	   (EGCG)	   was	   observed.134,	   173	  
Previously,	  only	  Mai	  et	  al	  136,137	  proposed	  a	  similar	  linear	  correlation	  at	  constant	  loading	  rate	  (pulling	  velocity	  
times	   the	   spring	   constant)	   between	   the	   averaged	   over	   4	   SMD	   trajectories	   rupture	   force	   (maximum	   pulling	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force)	   and	   the	   experimental	   or	  MM/PBSA	   binding	   free	   energies.	   In	   their	   study	   different	   ligands	   binding	   to	  
swine	   influenza	   A/H1N1	   virus	   followed	   the	   linear	   model.	   Hence,	   being	   tempted	   by	   those	   finding,	   in	   this	  
chapter	   the	   linear	   dependency	   for	   keratin-­‐EGCG	   system	   at	   298K	   is	   tested	   for	   other	   small	   molecules	   with	  
varying	  properties.	  The	  implication	  of	  the	  model	  is	  that	  it	  may	  be	  possible	  to	  predict	  the	  binding	  free	  energy	  
within	   couple	   of	   SMD	   simulations	   (hundreds	   picoseconds	   to	   nanoseconds)	   instead	   of	   time	   consuming	   free	  
energy	   calculations	   (hundreds	   of	   nanoseconds	   to	  microseconds).	   Previous	   theoretical	   studies	   using	   the	   Bell	  
model220	  have	  shown	  that	  the	   loading	  rate	  exhibits	  an	  exponential	  relationship	   	  with	  the	  rupture	  force.221-­‐224	  
Herein,	  the	  SMD	  simulations	  have	  been	  also	  carried	  out	  to	  assess	  this	  dependency	  for	  ligands	  with	  significantly	  
ranging	  properties.	  
	  
6.2.	  Objectives	  
	  
Due	  to	  the	  fact	  that	  the	  a-­‐helix	  is	  the	  most	  prevalent	  protein	  secondary	  structure	  type	  accounting	  of	  30%	  of	  
the	  average	  globular	  protein	   it	  was	  aimed	  at	   test	  our	  a-­‐helix-­‐EGCG	   linear	  dependency	  at	  298	  K	   (Figure	  4.16:	  
rupture	  force	  versus	  the	  free	  energy)	  for	  several	  small	  molecules	  which	  ranging	  properties	  i.e.	  overall	  charge	  
(protonation	   state)	   as	   well	   as	   octanol/water	   partition	   coefficient	   which	   defined	   as	   the	   logarithm	   of	   the	  
concentrations	  ratio	  of	  un-­‐ionized	  compound	  in	  octanol	  and	  water	  solutions:	  	  
	  
!"#$ = !"#$%& !"#$%!&!"#$%& !"#$%!"!!"#!$%& 	  	  	   	   	  	  	  	  	   	   	   (6.1.)	  
 
	  For	   this	   purpose,	   7	   ligands	   binding	   to	   helical	   keratin	   segment	   were	   tested,	   consisting	   of:	   a)	   oleic	   acid,	  
catechin	  and	  citric	  acid,	  which	  vary	  significantly	  in	  their	  octanol/water	  partition	  coefficient	  !"#$	  values;	  and	  b)	  
citric	  acid	  in	  several	  different	  protonation	  states	  (hydrogen	  citrate,	  dihydrogen	  citrate,	  citrate),	  as	  well	  as	  the	  
studied	  in	  chapter	  V	  complex	  with	  ferrous	  ion.199	  In	  addition,	  the	  aim	  was	  to	  establish	  the	  dependency	  of	  the	  
applied	  spring	  constant	  versus	  the	  rupture	  force	  within	  SMD	  simulations.	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To	  reach	  the	  above	  aims,	  the	  following	  objectives	  for	  all	  molecules	  within	  MD	  simulation	  framework	  have	  
been	  defined:	  
• Assess	  the	  type	  of	  interactions	  for	  binding	  the	  keratin	  helical	  segment,	  
• Apply	   SMD	   protocol	   with	   ranging	   force	   constants	   and	   define	   the	   correlation	   of	   the	   spring	   constant	  
versus	  the	  rupture	  force,	  
• Calculate	  the	  free	  energy	  for	  each	  molecule	  by	  US	  and	  compare	  with	  available	  experimental	  data,	  
• Check	  the	  validity	  of	  the	  keratin-­‐EGCG	  linear	  correlation:	  rupture	  force	  versus	  the	  free	  energy.	  
	  
For	  the	  first	  time,	   in	  this	  work	   it	   is	  approached	  to	  test	  the	   linear	  correlation	  of	  the	  free	  energy	  versus	  the	  
rupture	   force	   (obtained	   from	   couple	   of	   SMD	   simulations)	   of	   small	   molecules	   with	   significantly	   varying	  
properties,	   binding	   the	   most	   common	   helical	   motif.	   Initially,	   the	   type	   of	   interactions	   involved	   in	   binding	  
process	  is	  assessed.	  Subsequently,	  for	  each	  molecule	  the	  correlation	  of	  the	  applied	  spring	  constant	  within	  SMD	  
simulations	   versus	   the	   rupture	   force	   is	  obtained.	  Umbrella	   sampling	  was	   then	  used	   to	   calculate	   the	  binding	  
free	  energy	  and	   is	  compared	  to	  existing	  experimental	  data	  reaching	  very	  good	  agreement.	  Finally,	   the	   linear	  
correlation	  of	  the	  binding	  free	  energy	  versus	  the	  rupture	  force	  is	  obtained	  for	  molecules	  which	  do	  not	  exhibit	  
significantly	  varying	  properties	  i.e.	  with	  -­‐1.721<	  logP	   	  <2.08	   or	   the	  maximum	  overall	   charge	   of	   ±	   1.	   Based	   on	  
this	  correlation	  within	  MD,	   it	   is	  possible	  to	  predict	  the	  binding	  affinity	  of	  small	  molecules	   interacting	  with	  α-­‐
helix	   based	   on	   couple	   of	   SMD	   simulations	   (hundreds	   of	   picoseconds	   to	   nanoseconds)	   instead	   of	   time	  
consuming	  free	  energy	  calculations	  (hundreds	  of	  nanoseconds	  to	  microseconds).	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6.3.	  Methodology	  –	  Molecular	  Dynamics	  
6.3.1.	  Computational	  Details	  
	  
The	   ligand	  molecules	   studied	   here	   are	   shown	   in	   Figure	   6.1.	   These	  molecules	   have	   varying	   octanol/water	  
partition	  coefficient	  (!"#$)	  and	  different	  protonation	  states	  as	  presented	  in	  Table	  6.1.	  
 
 
Figure	  6.1.	  Molecules	  studied	  herein:	  A)	  Citric	  acid,	  B)	  Dihydrogen	  citrate,	  C)	  Hydrogen	  citrate,	  D)	  Citrate,	  E)	  
Catechin,	   F)	   Oleic	   acid	   as	   well	   as	   studied	   in	   Chapter	   IV	   and	   V	   G)	   Epigallocatechin-­‐3-­‐gallate	   and	   H)	   Iron	   (II)	  
gluconate	  respectively.	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Table	  6.1.	  
A)	  Small	  molecules	  evaluated	  in	  this	  study	  with	  varying	  octanol/water	  (logP	   )	  partition	  coefficient.	  
Molecule	  Name	   CAS	  number	   logP	   	   Molecular	  Weight	  [Da]	  
Oleic	  Acid	   112-­‐80-­‐1	   7.64	  225	   282	  
Epigallocatechin-­‐3-­‐gallate	   989-­‐51-­‐5	   2.08	  226	   458	  
Catechin	   154-­‐23-­‐4	   0.51227	   290	  
Citric	  Acid	   72-­‐92-­‐9	   -­‐1.721	  228	   192	  
	  
B)	  Charged	   species	  evaluated	   in	   this	   study:	  negatively	   charged	  protonation	   states	   (depending	  on	   the	  pH)	  of	  
citric	  acid	  and	  ferrous	  ion.	  Citric	  acid	  pKa	  values	  (pKa1=3.29,	  pKa2=4.77,	  pKa3=6.39).
229	  
Molecule	  Name	   Overall	  charge	   pH	  range	   Molecular	  Weight	  [Da]	  
Dihydrogen	  citrate	   -­‐1	   3.29	  –	  4.77	   191	  
Hydrogen	  citrate	   -­‐2	   4.77	  –	  6.39	   190	  
Citrate	   -­‐3	   >	  6.39	   189	  
Fe2+	   +2	   N/A	   58	  
	  
	  
The	  structure	  of	  small	  molecules	  was	  built	  using	  Chimera	  1.5.3	  176	  The	  parameters	  for	  each	  molecule	  used	  
the	   CHARMM	   General	   Force	   Field	   (CGenFF)	   179,180,230	   for	   organic	   molecules	   (program	   version	   0.9.6	   beta),	  
translated	   into	   the	   GROMACS181	   format.	   Alpha	   helical	   segment	   1A	   (35	   residues)	   of	   keratin	   83	   with	   high	  
contribution	  of	  charged	  residues	  (20%	  of	  basic,	  11.43	  %	  of	  acidic)	  was	  built	  using	  the	  PyMol	  software.	  231	  The	  
amino	  acid	  sequence	  was	  provided	  with	  the	  Human	  Intermediate	  Filament	  Database.183	  Keratin	  segment	  was	  
minimized	  in	  vacuum	  using	  the	  steepest	  descent	  algorithm.	  
In	  order	   to	  be	  consistent	  with	  previous	  study	  on	  keratin-­‐EGCG,	   the	  CHARMM22/CMAP	  121	   force	   field	  with	  
TIP3P184	   water	  model	   was	   used	   in	   all	  MD	   and	   SMD	   simulations.	   	   All	   simulations	   were	   performed	   with	   the	  
GROMACS	  4.6181	  package	  compatible	  with	  graphics	  processing	  units	  (GPUs).	  With	  a	  time	  step	  of	  2	  fs,	  equations	  
of	  motion	  were	  integrated	  through	  Verlet	  leap-­‐frog	  algorithm.	  Bond	  lengths	  were	  constraint	  with	  the	  LINCS	  185	  
algorithm.	  	  The	  cut-­‐off	  distance	  was	  1.4	  nm	  for	  the	  short-­‐range	  neighbor	  list	  and	  van	  der	  Waals	  interactions.	  
The	   PME	  method186,187	   was	   applied	   for	   the	   long	   range	   electrostatic	   interaction	   with	   a	   1.4	   nm	   cut-­‐off.	   The	  
velocity	  rescale	  thermostat	  with	  additional	  stochastic	  term232	  and	  Parinello-­‐Rahman	  barostat233	  were	  used	  to	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maintain	   the	   temperature	   at	   298	   K	   and	   pressure	   at	   1	   bar.	   The	   initial	   velocities	   were	   set	   according	   to	   the	  
Maxwell	   distribution.	   Periodic	   boundaries	   were	   used	   in	   all	   directions.	   GPUs	   were	   used	   for	   self-­‐assembly	  
simulations	  and	  central	  processing	  units	  (CPUs)	  for	  US	  and	  SMD	  simulations.	  
	  
6.3.2.	  Simulation	  Setup:	  α-­‐Helix	  –	  Ligand	  Complexes	  
	  
Initially,	  keratin	  segment	  1A	  was	  placed	  at	  the	  centre	  of	  a	  cubic	  unit	  cell	  of	  512	  nm3	  (8x8x8	  nm).	  Terminal	  
residues	   remained	   in	   their	   uncharged	   state.	   Small	   molecules	   were	   placed	   randomly	   around	   the	   keratin	  
fragment	  to	  reach	  5%	  mass	  concentration.	  The	  simulation	  box	  was	  filled	  with	  approximately	  16,000	  TIP3P184	  
water	  molecules	  and	  Na+	  and	  Cl-­‐	   ions	  to	  neutralize	  the	  charge	  of	  the	  system.	  Energy	  minimization	  was	  then	  
performed	  via	  the	  steepest	  descent	  algorithm.	  Two	  step	  equilibration	  (0.2	  ns	  each)	  in	  the	  canonical	  ensemble	  
(NVT)	  and	  isothermal-­‐isobaric	  ensemble	  (NPT)	  was	  conducted,	  respectively.	  During	  the	  equilibration,	  positions	  
of	  protein	  and	  ligand	  heavy	  atoms	  were	  restrained	  allowing	  only	  water	  and	  ions	  to	  move	  to	  soak	  the	  system.	  
The	  NPT	  ensemble	  at	  298	  K	  was	  used	  for	  the	  production	  simulation	  run	  of	  200	  ns.	   In	  total,	  5	  keratin	  –	  small	  
molecule	   systems	  were	   run	  and	  are	   listed	   in	  Table	  6.2.	   In	   system	  number	  4	   (Table	  6.2)	   the	  pH	  was	   fixed	   to	  
approximately	  4.5	  which	  corresponded	  to	  the	  contribution	  of	  dihydrogen	  citrate	  in	  65%	  and	  hydrogen	  citrate	  
of	  35%	  which	  resulted	  in	  52	  and	  28	  molecules	  respectively,	  reaching	  the	  overall	  mass	  concentration	  of	  5%.	  
	  
Table	   6.2.	   Details	   of	   MD	   simulations	   for	   keratin	   segment	   1A	   and	   small	   molecules	   with	   their	   5%	   mass	  
concentration.	  The	  pH	  is	  set	  according	  to	  pKa	  values	  provided	  in	  each	  respective	  reference.	  
	  
System	  No.	  
	  
Ligand	  
	  
pH	  
	  
Number	  
of	  ligands	  
	  
Simulation	  
time	  [ns]	  
	  
Temperature	  
[K]	  
1	   Citric	  Acid	   <3.29229	   80	   200	  ns	   298	  
2	   Oleic	  Acid	   <	  8.5234	   55	   200	  ns	   298	  
3	   Catechin	   <8.7235	   53	   200	  ns	   298	  
4	   Dihydrogen	  Citrate/Hydrogen	  Citrate	   4.5	   52/28	   200	  ns	   298	  
5	   Citrate	   >	  6.39229	   82	   200	  ns	   298	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In	  order	  to	  assess	  the	  type	  of	  interactions	  governing	  protein-­‐ligand	  binding,	  the	  number	  of	  hydrogen	  bonds	  as	  
well	   as	   the	   overall	   hydrophobic	   surface	   area	   of	   small	   molecules	   was	   calculated	   over	   the	   simulation	   time.	  
Hydrogen	  bonds	  were	  based	  on	  the	  cutoff	  distance	  between	  the	  donor	  and	  the	  acceptor	  atoms	  below	  0.35	  nm	  
and	  a	  hydrogen-­‐donor-­‐acceptor	  maximum	  angle	  of	  30˚.	  The	  overall	  hydrophobic	  area	  of	  small	  molecules	  was	  
computed	  by	  numerical-­‐integration	  of	  their	  hydrophobic	  solvent	  accessible	  surface	  area	  (SASA)190.	  The	  buried	  
area	   between	   protein	   and	   ligand	   was	   obtained	   by	   calculating	   the	   individual	   SASA	   of	   ligand,	   protein	   and	  
protein-­‐ligand	  complex.	  The	  most	  stable	  protein-­‐ligand	  complex	  for	  each	  molecule	  was	  chosen	  based	  on	  the	  
highest	  number	  of	  hydrogen	  bonds	  and/or	   the	  buried	  area.	  The	  protocol	   for	   those	  calculations	   is	  presented	  
within	  the	  results.	  
	  
6.3.3.	  Simulations	  Setup:	  Steered	  MD	  and	  Umbrella	  Sampling	  
	  
For	  each	  of	  the	  molecule	  studied	  herein	  the	  only	  one	  (the	  most	  stable)	  keratin-­‐ligand	  complex	  was	  chosen	  
for	  further	  SMD	  and	  free	  energy	  simulations.	  All	  the	  ligands	  which	  were	  cluster	  layered	  as	  well	  as	  water	  and	  
ion	   molecules	   were	   removed	   from	   the	   system	   leaving	   only	   protein	   covered	   with	   the	   first	   layer	   of	   small	  
molecules.	  That	  arises	  from	  consistency	  with	  our	  keratin-­‐EGCG	  study16	  where	  no	  molecules	  were	  present	  on	  
the	  pulling	  pathway	  of	  EGCG.	  Subsequently,	  protein	  with	  the	  first	   layer	  of	  small	  molecules	  was	  placed	  in	  the	  
edge	  of	  the	  cubic	  box	  which	  was	  filled	  with	  TIP3P	  water	  model	  and	  ions	  to	  neutralize	  the	  system	  charge.	  After	  
energy	  minimization	  by	  SD	  algorithm	  each	  keratin-­‐small	  molecules	  system	  was	  equilibrated	  for	  1	  ns	  in	  NVT	  and	  
then	  the	  NPT	  ensemble.	  From	  NPT	  equilibration	  the	  buried	  SASA	  between	  protein	  and	  the	  most	  stable	  ligand	  
were	   extracted.	   Subsequently,	   a	   constant	   velocity	   was	   applied	   to	   its	   COM	   and	   pulled	   2-­‐2.5	   nm	   away,	  
effectively	   into	   bulk	   solvent.	   In	   order	   to	   be	   consistent	   with	   keratin-­‐EGCG134	   system,	   the	   pulling	   distance,	  
direction	  (perpendicular	  to	  helical	  rod)	  and	  velocity	  of	  10	  nm	  ns-­‐1	  were	  conserved.	  The	  influence	  of	  the	  varying	  
spring	  constants	  (from	  1	  to	  2000	  kcal	  mol-­‐1	  nm-­‐2)	  on	  the	  rupture	  force	  was	  applied.	  10	  SMD	  simulations	  with	  a	  
given	  spring	  constant	  of	  each	  protein-­‐ligand	  complex	  were	  performed.	  The	  rupture	  force	  corresponded	  to	  the	  
arithmetic	   average	   of	   10	   obtained	   values.	   SMD	   simulations	  were	   used	   to	   extract	   the	   initial	   coordinates	   for	  
binding	   free	   energy	   calculations	   (US).	   In	   order	   to	   generate	   sufficient	   sampling,	   0.1	   nm	   spacing	   along	   the	  
reaction	  coordinate	  (distance)	  was	  used.	  Each	  US	  window	  ran	  for	  50	  ns	  with	  the	  spring	  constant	  of	  480	  kcal	  
mol-­‐1	   nm-­‐2.	   The	  weighted	  histogram	  analysis	  method	   (WHAM)152	  was	  used	   to	   combine	   all	  windows	   into	   the	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PMF	  curve	   to	  estimate	   the	  binding	   free	  energy	  difference.	   Estimation	  of	   statistical	   error	  was	  performed	   for	  
each	  PMF	  curve	  by	  dividing	  the	  whole	  trajectory	  of	  50	  ns	  into	  blocks	  of	  10	  ns.	  
	  
6.4.	  Results	  –	  Molecular	  Dynamics	  
6.4.1.	  Keratin-­‐Ligand	  Interactions	  
	  
The	  number	  of	  hydrogen	  bonds	  between	  ligands	  the	  keratin	  segment	  was	  calculated	  for	  each	  system	  over	  
the	  200	  ns	  of	  the	  simulation.	  In	  addition,	  for	  molecules	  with	  logP	   	  >0	   (oleic	   acid,	   catechin	   –	   system	  
number	  2	  and	  3	  in	  Table	  6.2)	  the	  number	  of	  hydrogen	  bonds	  between	  ligands	  was	  also	  collected.	  The	  number	  
of	  hydrogen	  bonds	  was	  divided	  by	  the	  total	  number	  of	  molecules	  and	  averaged	  over	  1	  ns	  windows	  for	  clarity	  
(200	   points).	   In	   order	   to	   observe	   possible	   hydrophobicity-­‐driven	   interaction,	   the	   hydrophobic	   SASA	   of	   all	  
catechin	  or	  oleic	  acid	  molecules	  was	  calculated	  over	  the	  200	  ns	  of	  the	  simulation.	  	  
	  
	  
Figure	   6.2.	   Interactions	   of	   A)	   oleic	   acids	   (orange)	  with	   keratin	   (blue)	   at	   200	   ns,	   and	  B)	   catechin	   (cyan)	  with	  
keratin	  (blue)	  at	  200	  ns.	  The	  mass	  concentration	  of	  ligand	  in	  both	  cases	  is	  5%.	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Figure	   6.3.	   A)	   The	   number	   of	   hydrogen	   bonds	   per	   molecule	   between:	   oleic	   acid	   –	   oleic	   acid,	   oleic	   acid	   –	  
keratin,	   catechin	   –	   catechin,	   catechin	   –	   keratin	   over	   the	   simulation	   time.	   B)	  Hydrophobic	   solvent	   accessible	  
surface	  area	  (SASA)	  of	  all	  catechin	  or	  oleic	  acid	  molecules	  over	  the	  simulation	  time.	  
	  
	  
All	  oleic	  acid	  and	  catechin	  molecules	  clustered	  on	  the	  keratin	  surface	  forming	  a	  multilayer	  assembly	  (Figure	  
6.2	  A	  and	  B)	  as	  previously	  observed	   for	  keratin-­‐EGCG.134,	   173	   In	  Figure	  6.2	  B	   the	  overall	  hydrophobic	  SASA	  of	  
oleic	  acid	  and	  catechin	  is	  shown	  to	  decrease	  rapidly	  in	  the	  first	  10	  ns	  due	  to	  cluster	  formation	  and	  binding	  to	  
keratin.	  The	  hydrophobic	  SASA	  of	  oleic	  acid	  dropped	  from	  200	  to	  50	  nm2	  whereas	  that	  of	  catechin	  from	  120	  to	  
48	  nm2.	  During	  the	  self-­‐clustering	  and	  keratin	  binding	  process	  the	  number	  of	  hydrogen	  bonds	  per	  molecule	  of	  
catechin-­‐catechin	  molecules	   increased	   to	  ~1	  within	  10	  ns	   (Figure	  6.3	  A)	   and	  a	  multilayer	   assembly	  was	  also	  
formed	  (Figure	  6.2	  B).	  However,	  the	  number	  of	  hydrogen	  bonds	  per	  molecule	  within	  the	  catechin	  cluster	  and	  
keratin	   varied	   around	  0.25	   (Figure	   6.3	  A).	   This	   shows	   that	   in	   addition	   to	  hydrophobic	   interaction,	   hydrogen	  
bonding	   is	   also	   involved	   in	   the	   process	   of	   binding	   to	   keratin,	   which	   is	   consistent	   with	   the	   presence	   of	   6	  
hydrogen	  bond	  acceptors,	  and	  5	  hydrogen	  bond	  donors	  in	  catechin,	  as	  well	  its	  logP	   	  value	   of	   0.51.	   For	  
oleic	  acid	  clusters,	  the	  number	  of	  hydrogen	  bonds	  per	  molecule	  remained	  below	  0.1.	  Similarly,	  the	  number	  of	  
hydrogen	  bonds	  between	  oleic	  acid	  assembly	  and	  keratin	  was	   low,	  suggesting	  that	  hydrophobic	   interactions	  
dominate.	  The	  logP	  value	  of	  7.64	  for	  oleic	  acid	  as	  well	  as	  the	  presence	  of	  only	  2	  hydrogen	  bond	  acceptors	  and	  
1	  donor	  supports	  our	  observations	  of	  hydrophobic	  assembly	  as	  the	  main	  driving	  force.	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For	  citric	  acid,	  hydrogen	  citrate,	  dihydrogen	  citrate	  and	  citrate	  (Table	  6.2	  -­‐	  system	  number	  1,	  4-­‐5),	  the	  number	  
of	  hydrogen	  bonds	  per	  molecule	  between	  ligands	  and	  keratin	  was	  calculated	  over	  the	  simulation	  time.	  Citric	  
acid	   had	   the	   smallest	   number	   of	   hydrogen	   bonds	   per	   molecule	   (Figure	   6.4	   D).	   The	   increase	   of	   the	   overall	  
charge	  (dihydrogen	  citrate	  of	  -­‐1,	  hydrogen	  citrate	  of	  -­‐2,	  citrate	  of	  -­‐3)	  resulted	  in	  an	  increase	  in	  the	  number	  of	  
hydrogen	  bonds.	  At	  pH	  4.5	  (Table	  6.2	  -­‐	  System	  number	  4)	  hydrogen-­‐	  and	  dihydrogen	  citrate	  formed	  small	  salt	  
clusters	   (2-­‐5)	   via	   ionic	   bonds	   mediated	   by	   sodium	   ions	   (Figure	   6.4	   B).	   This	   led	   to	   stronger	   interactions	   in	  
comparison	  to	  citric	  acid.	  For	  citrate	  (Table	  6.2	  -­‐	  System	  number	  5),	  electrostatic	  interactions	  were	  dominant.	  
It	  was	  observed	  (Figure	  6.4	  C)	  that	  26	  citrate	  molecules	  formed	  a	  salt	  aggregate	  stabilized	  by	  sodium	  ions.	  	  	  
	  
	  
	  
Figure	  6.4.	  Citric	  acid	  binding	  to	  keratin	  at	  different	  pH	  values:	  A)	  pH	  <	  3.29	  –	  Citric	  acid	  binds	  to	  keratin	  via	  
hydrogen	  bonds	  only;	  B)	  pH	  =	  4.5	  –	  Hydrogen-­‐	  and	  dihydrogen	  citrate	  formed	  small	  salt	  aggregates	  via	  sodium	  
ions	   and	   stacked	   on	   the	   keratin	   surface	   via	   hydrogen	   bonds	   and	   electrostatic	   interactions,	   C)	   pH	   >	   6.39	   –	  
Citrate	   formed	   salt	   cluster	   of	   26	   molecules	   stabilized	   by	   sodium	   ions	   mediating	   the	   interactions	   between	  
citrate	   molecules	   as	   well	   as	   citrate	   –	   keratin	   charged	   residues;	   D)	   Number	   of	   hydrogen	   bonds	   over	   the	  
simulation	   time	   (averaged	  over	  200	  data	  points	   -­‐	  every	  1	  ns).	  Red	  –	  oxygen,	  blue	  –	  nitrogen,	   cyan	  –	  carbon	  
white	   –	   hydrogen),	   citric	   acid	   (purple),	   dihydrogen	   citrate	   (black),	   hydrogen	   citrate	   (yellow),	   sodium	   ions	  
(green);	  Cartoon	  representation	  of	  protein	  –	  blue.	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6.4.2.	  The	  most	  stable	  protein-­‐ligand	  coordinates	  
	  
	  
From	  each	  MD	   simulation	   all	   the	  molecules	   being	  directly	   bound	   to	   the	   keratin	   surface	  were	   assessed	   in	  
terms	   of	   the	   stability.	   All	   the	   cluster	   layered	   small	   molecules	   which	   did	   not	   directly	   interact	   with	   keratin	  
surface	  were	  in	  those	  calculations	  omitted.	  The	  stability	  assessment	  was	  based	  on	  the	  protein-­‐ligand	  average	  
number	   of	   hydrogen	   bonds	   and/or	   the	   buried	   area.	   The	   protocol	   for	   the	   choice	   of	   the	   most	   stable	  
configurations	  is	  presented	  in	  Figure	  6.5	  based	  on	  the	  catechin	  as	  an	  example.	  
 
 
Figure	  6.5.	  The	  protocol	  employed	  for	  the	  choice	  of	  the	  most	  stable	  α-­‐helix-­‐ligand	  coordinates	  based	  on	  the	  
catechin	  as	  an	  example:	  A)	  200	  ns	  snapshot	  of	  the	  molecules	  which	  are	  directly	  bound	  to	  the	  keratin	  (green	  
surface	   representation	   for	   catechins	   with	   the	   highest	   number	   of	   hydrogen	   bonds	   and	   red	   surface	  
representation	  for	  catechins	  remaining	  catechins;	  white	  surface	  representation,	  blue	  cartoon	  and	  space	  filling:	  
red	  –	  oxygens,	  blue	  -­‐	  nitrogens,	  cyan	  -­‐	  carbons,	  white	  -­‐	  hydrogens	  for	  helical	  keratin);	  B)	  The	  average	  number	  
of	   hydrogen	  bonds	   calculated	  over	   last	   50	  ns	   for	   all	  molecules	   being	  within	   keratin	   surface;	   C)	   The	   keratin-­‐
catechin	  buried	   surface	  area	   calculated	   for	   two	  molecules	  which	  exhibited	   the	  highest	  number	  of	  hydrogen	  
bonds.	  The	  buried	  surface	  (green	  and	  blue)	  was	  averaged	  over	  100	  data	  points	  (black	  and	  red	  respectively).	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From	  the	  last	  frame	  at	  200	  ns	  all	  the	  catechins	  being	  directly	  attached	  to	  keratin	  are	  chosen	  (Figure	  6.5	  A,	  
red	   and	   green	   surface	   representation	   for	   catechins).	   Subsequently,	   the	   average	  number	  of	   hydrogen	  bonds	  
between	  each	  those	  molecules	  and	  keratin	  are	  calculated	  over	  last	  50	  ns	  of	  the	  simulation	  time	  and	  averaged	  
over	  all	  frames	  (Figure	  6.5	  B).	  Two	  molecules	  (Catechin_38	  and	  Catechin_60	  -­‐	  green	  surface	  representation	  in	  
Figure	  6.5	  A)	  were	  shown	  to	  have	  the	  highest	  average	  number	  of	  hydrogen	  bonds	  and	  are	  further	  analyzed	  in	  
terms	   of	   the	   keratin-­‐ligand	   buried	   area	   (Figure	   6.5	   C).	   It	   appeared	   that	   Catechin_38	   exhibited	   the	   greater	  
contribution	  of	  the	  buried	  area	  (averages	  taken	  over	  100	  data	  points)	  and	  hence	  is	  chosen	  as	  the	  most	  stable	  
configuration	   and	   used	   for	   SMD	   and	   free	   energy	   simulations	   (US).	   This	   stability-­‐protocol	   assessment	   was	  
employed	   for	   oleic	   acid,	   citric	   acid,	   hydrogen	   citrate,	   dihydrogen	   citrate	   and	   citrate.	   The	   keratin-­‐ligand	  
coordinates	  of	  EGCG	  and	  Fe2+	  for	  SMD	  protocol	  were	  taken	  from	  Chapter	  IV	  and	  V	  of	  this	  thesis.	  
	  
	  
6.4.3.	  Steered	  Molecular	  Dynamics	  and	  Umbrella	  Sampling	  
	  
Each	   system	   consisted	   of	   the	   keratin	   and	   the	   first	   layer	   of	   small	   molecules	   which	   were	   directly	   bound	   to	  
keratin.	  The	  remaining	  clustered	  molecules	  were	  removed	   in	  order	   to	  be	  consistent	  with	  our	  previous	  study	  
where	  no	  other	  molecules	  were	  present	  on	  the	  pulling	  pathway.	  Prior	  to	  the	  pulling	  simulations,	  from	  a	  1	  ns	  
system	  equilibration	  simulation	  (in	  the	  NPT	  ensemble),	  mean	  values	  of	  protein-­‐ligand	  buried	  surface	  area	  for	  
uncharged	  molecules	   (catechin,	   citric	   acid,	  oleic	   acid)	  were	  obtained	  and	  are	   listed	   in	  Table	  6.3.	   The	  pulling	  
simulation	   of	   the	   assessed	   previously	   most	   stable	   ligand	   bound	   to	   keratin	   coordinates	   was	   performed	   at	  
ranging	  spring	  constants.	  The	  example	  of	  the	  pulling	  simulation	  of	  the	  most	  stable	  catechin	  is	  shown	  in	  Figure	  
6.6.	  The	  pulling	  direction	  according	  to	  chapter	   IV	  and	  V	   is	  perpendicular	  to	  the	  helical	  backbone	  axis.	  During	  
the	  SMD	  simulation	  the	  force	  reached	  the	  maximum	  (rupture	  force)	  at	  approximately	  0.1	  nm	  where	  the	   last	  
hydrogen	  bond	  was	  broken.	  The	  distance	  between	  the	  catechin	  and	  keratin	  segment	  COM	  started	  increasing	  
at	  the	  same	  time	  reaching	  the	  2.4	  nm	  at	  the	  end	  of	  the	  simulation.	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Figure	   6.6.	   The	   example	   pulling	   simulation	   of	   the	  most	   stable	   catechin	   (green	   surface	   representation).	   The	  
pulling	   direction	   according	   to	   our	   previous	   study16	   is	   perpendicular	   to	   the	   helical	   backbone	   axis.	   During	   the	  
SMD	   simulation	   at	   approximately	   0.1	   ns	   the	   force	   reaches	   the	   maximum	   when	   the	   last	   hydrogen	   bond	   is	  
broken.	   The	   distance	   between	   the	   keratin	   helical	   segment	   and	   the	   catechin	   starts	   increasing	   at	   this	   point	  
reaching	  2.4	  nm	  at	  the	  end	  of	  the	  simulation.	  Red	  surface	  representation	  for	  remaining	  catechins	  obtained	  by	  
MD	  self-­‐assembly	  simulations;	  white	  surface	  representation,	  blue	  cartoon	  and	  space	  filling:	  red	  –	  oxygens,	  blue	  
-­‐	  nitrogens,	  cyan	  -­‐	  carbons,	  white	  -­‐	  hydrogens	  for	  helical	  keratin.	  
	  
	  
Results	   from	   the	   SMD	   protocol	   with	   ranging	   spring	   constants	   are	   presented	   in	   Figure	   6.7.	   Those	   results	  
correspond	  in	  each	  protein-­‐ligand	  for	  one,	  the	  most	  stable	  coordinates	  assessed	  in	  the	  previous	  step.	  The	  plots	  
present	   the	  maximum	   pulling	   force	   (rupture	   force)	   averaged	   over	   10	   repeated	   identical	   pulling	   simulations	  
versus	   the	   used	   harmonic	   spring	   constant.	   The	   error	  was	   estimated	   as	   the	  maximum	   and	  minimum	   of	   the	  
obtained	  10	  rupture	  forces	  with	  given	  spring	  constant.	   It	   is	  observed	  that	  the	   increase	   in	  the	  stiffness	  of	  the	  
spring	  resulted	  in	  an	  increase	  of	  the	  maximum	  pulling	  force.	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This	  relationship	  is	  theoretically	  described	  by	  an	  exponential	  function239-­‐242	  derived	  from	  the	  Bell	  model220	  and	  
our	  results	  correlated	  with	  such	  dependency	  with	  the	  R2	  =	  0.90-­‐0.94.	  However,	  significantly	  better	  results	  were	  
obtained	   with	   the	   power	   function	   (R2	   =0.96-­‐0.98).	   This	   arises	   from	   the	   very	   fast	   loading	   rate	   used	   in	  
simulations	  in	  comparison	  to	  AFM	  experimental	  studies	  where	  exponential	  dependency	  is	  reached.243-­‐247	  
SMD	  trajectories	  provided	   the	   initial	   configurations	   for	  US	  windows	  which	  were	  equally	   spaced	   in	  0.1	  nm	  
windows	  yielding	  a	  total	  of	  21-­‐27	  windows	  of	  50	  ns	  each.	  The	  free	  energy	  of	  binding	  (PMF)	   is	  the	  difference	  
between	   the	   minima	   where	   the	   small	   molecule	   is	   adsorbed	   to	   the	   protein	   and	   the	   plateau	   value	   when	  
interactions	  are	  effectively	  absent	  (Figure	  6.8).	  The	  umbrella	  sampling	  histograms	  of	  each	  molecule	  are	  shown	  
in	  Figure	  6.9	  presenting	  excellent	  overlap.	  The	  free	  energies	  of	  molecular	  binding	  to	  the	  keratin	  alpha	  helical	  
segment	   obtained	   via	   US	   are	   listed	   in	   Table	   6.3	   (ΔGMD)	   and	   are	   compared	   with	   available	   experimentally-­‐
determined	   (ITC)	   results	   (ΔGExp)	  binding	  other	  proteins	  or	  directly	  validated	   (EGCG,	   ferrous	   ion).	  The	  binding	  
free	  energies	  from	  US	  exhibit	  a	  good	  agreement	  with	  experimental	  results.	  The	  highest	  magnitude	  (ΔG=-­‐9.56	  
kcal	  mol-­‐1)	  of	  binding	  free	  energy	  was	  for	  oleic	  acid,	  which	  has	  the	  highest	  logP	   	  value	  of	  7.64.	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Figure	  6.7.	   The	   rupture	   force	  obtained	   from	  steered	  molecular	  dynamics	   (SMD)	   simulations	   for	  7	  molecules	  
(oleic	  acid,	  catechin,	  citric	  acid,	  dihydrogen	  citrate,	  hydrogen	  citrate,	  citrate	  and	  ferrous	  ion)	  versus	  the	  used	  
spring	  constant.	  Each	  point	  corresponds	  to	  the	  average	  value	  of	  10	  identical	  pulling	  simulations.	  The	  best	  fitted	  
curve	  was	  obtained	  in	  each	  case	  with	  a	  power	  function	  (R2=0.96-­‐0.98).	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Figure	  6.8.	  Potential	  of	  mean	  force	  obtained	  from	  umbrella	  sampling	  method	  for	  different	  molecules	  binding	  
to	  keratin	  helical	  segment.	  	  
	  
Figure	  6.10	  A	  shows	  the	  binding	  free	  energy	  difference	  from	  US	  versus	  the	  logP	   	  values	   of	   uncharged	  
molecules	   studied	   herein.	   The	   higher	   the	   logP	   the	   greater	   the	   magnitude	   of	   the	   binding	   free	   energy	   was	  
observed.	   It	  may	  be	   noted	   that	   an	   increase	   in	   pH	   resulted	   in	   an	   increase	  of	   free	   energy	   for	   citric	   acid.	   The	  
increase	  of	  the	  pH	  above	  the	  respective	  pKa	  values	  resulted	  in	  a	  decrease	  of	  the	  overall	  charge	  and	  hence	  the	  
increase	   in	   electrostatic	   interactions	   (Figure	   6.10	   B).	   The	   correlation	   of	   the	   buried	   area	   for	   uncharged	  
molecules	   (EGCG,	  oleic	  acid,	   catechin	  and	  citric	  acid)	  as	  a	   function	  of	   the	   free	  energy	   is	  presented	   in	  Figure	  
6.10	  C.	  It	  can	  be	  observed	  that	  the	  higher	  the	  buried	  area	  between	  the	  alpha	  helix	  and	  ligand	  the	  stronger	  the	  
binding	  affinity.	  
	  
	  
Figure	  6.9.	  Histograms	  of	  umbrella	  sampling	  windows	  of:	  A)	  Catechin;	  B)	  Citric	  acid;	  C)	  Citrate;	  D)	  Dihydrogen	  
citrate;	  E)	  Hydrogen	  citrate;	  F)	  Oleic	  Acid.	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Figure	  6.10.	  A)	  Binding	  free	  energy	  (∆!)	  of	  small	  neutral	  molecules	  to	  helical	  motif	  as	  a	  function	  of	   logP	   ;	  B)	  
Binding	  free	  energy	  of	  citric	  acid	  at	  different	  protonation	  states;	  C)	  Protein-­‐ligand	  buried	  area	  (!	  )as	  a	  function	  
of	  the	  binding	  free	  energy	  for	  neutral	  molecules.	  The	  equation	  is	  best	  described	  by:	  ! = 1.3321 − 0.431∆!.	  
	  
	  
The	  main	  goal	  of	  this	  research	  was	  to	  assess	  the	  validity	  of	  the	  linear	  dependency	  from	  keratin-­‐EGCG	  system	  
(Figure	  4.16):	  rupture	  force	  versus	  the	  binding	  free	  energy	  for	  7	  ligands	  studied	  herein.	  For	  this	  purpose,	  the	  
rupture	  force	  for	  each	  molecule	  is	  extracted	  as	  the	  average	  value	  over	  10	  SMD	  trajectories	  from	  SMD	  protocol	  
with	  the	  spring	  constant	  of	  120	  kcal	  mol-­‐1	  nm-­‐2	  (according	  to	  the	  keratin-­‐EGCG	  study).	  All	  the	  rupture	  forces	  for	  
119 
 
each	   molecule	   are	   listed	   in	   Table	   6.3.	   In	   Figure	   6.11	   the	   rupture	   forces	   versus	   the	   binding	   free	   energies	  
obtained	  from	  US	  for	  all	  molecules	  is	  presented.	  The	  linear	  correlation	  with	  R2=0.98	  correspond	  to	  previously	  
studied	   EGCG	   in	   chapter	   IV,	   citric	   acid,	   catechin	   and	   dihydrogen	   citrate.	   It	   can	   be	   observed	   that	  molecules	  
which	   did	   not	   follow	   the	   correlation	   (oleic	   acid,	   hydrogen	   citrate,	   ferrous	   ion	   and	   citrate)	   possess	   extreme	  
properties	  i.e.	  significantly	  differ	  from	  EGCG	  properties	  (logP	   >2.08	  or	  the	  maximum	  overall	  charge	  exceeds	  ±	  
1).	  	  
	  
	  
Figure	  6.11.	  Binding	  free	  energies	  (∆!)	  obtained	  from	  US	  of	  small	  molecules	  binding	  the	  keratin	  helical	  motif	  
versus	  the	  maximum	  pulling	  force	  averaged	  over	  10	  pulling	  simulations	  at	  the	  constant	  loading	  rate	  (velocity	  of	  
10	  nm	  ns-­‐1	   and	  a	   spring	   constant	  of	   120	   kcal	  mol-­‐1	   nm-­‐2)	   according	   to	   the	   keratin-­‐EGCG	   study.134	   The	   linear	  
dependency	   is	   built	   based	   on	   EGCG,	   catechin,	   citric	   acid	   and	   dihydrogen	   citrate	   with	   R2=0.98	  
(∆! = −0.1224!!"# + 3.9346).	  Ferrous	  ion,	  citrate,	  hydrogen	  citrate	  and	  oleic	  acid	  did	  not	  follow	  the	  linear	  
correlation	  due	  to	  their	  extreme	  properties.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
120 
 
Table	  6.3.	  Keratin	  α-­‐helix-­‐ligand	  complex:	  Binding	  free	  energies	  from	  umbrella	  sampling	  (ΔGMD);	  binding	  free	  
energies	  validated	  experimentally	  (for	  EGCG	  and	  Fe2+)	  and	  experimentally	  obtained	  with	  other	  proteins	  (ΔGExp);	  
buried	   surface	   area	   of	   uncharged	  molecules;	   rupture	   force	   obtained	   as	   the	   average	   value	   over	   10	   identical	  
pulling	  simulations	  at	   the	  constant	   loading	  rate	   (velocity	  of	  10	  nm	  ns-­‐1	  and	  spring	  constant	  of	  120	  kcal	  mol-­‐1	  
nm-­‐2)	  according	  to	  the	  keratin-­‐EGCG	  study.	  
	  
	  
Molecule	  name	  
ΔGMD	  
[kcal/mol]	  
ΔGExp	  
[kcal/mol]	  
Protein-­‐Ligand	  
buried	  surface	  
[nm2]	  
Rupture	  Force	  
[kcal/mol/nm-­‐1]	  
Oleic	  Acid	   -­‐9.56	   -­‐9.45249/-­‐10.16250	   5.91	   46.54	  
EGCG	   -­‐6.20	   -­‐6.37173	   -­‐	   -­‐	  
Catechin	   -­‐3.30	   -­‐2.87252	   2.94	   61.78	  
Citric	  Acid	   -­‐0.66	   -­‐	   1.99	   39.44	  
Dihydrogen	  Citrate	   -­‐1.26	   -­‐	   -­‐	   44.54	  
Hydrogen	  Citrate	   -­‐2.70	   -­‐	   -­‐	   72.12	  
Citrate	   -­‐4.50	   -­‐5.30253	   -­‐	   189.59	  
Fe2+	   -­‐7.20	   -­‐7.38199	  	   -­‐	   248.67	  
	  	  	  	  	  	  
	  
6.5.	  Conclusion	  
	  
Binding	   affinity	   of	   small	  molecules	   to	  macromolecules	   is	   one	   of	   the	  most	   important	   and	   thermodynamic	  
property.	   Recent	   advances	   in	  MD	   simulations	   enable	  predictions	  of	   binding	   free	   energy	  with	  high	   accuracy.	  
However,	   methods	   within	   MD	   simulation	   framework	   involving	   explicit	   solvent	   are	   computationally	   very	  
extensive	  and	  demanding.	  In	  previous	  work	  (chapter	  IV)	  on	  α-­‐helix-­‐EGCG	  system	  a	  linear	  dependency	  between	  
the	   binding	   free	   energy	   (obtained	   from	   extensive	   US)	   and	   the	   rupture	   force	   (obtained	   from	   short	   SMD	  
simulations)	  was	   presented.	   Previous	  work	   of	  Mai	   et	   al.136,137	   on	   swine	   influenza	   A/H1N1	   virus	   suggested	   a	  
similar	  linear	  correlation	  between	  the	  binding	  free	  energy	  and	  the	  maximum	  pulling	  force	  for	  different	  ligands.	  
Hence,	  our	  keratin-­‐EGCG	   linear	  dependency	  was	  encouraged	  to	  be	  tested	  for	  several	  additional	   ligands	  with	  
significantly	  varying	  properties	  binding	  the	  most	  common	  alpha	  helical	  motif.	  
Initially,	   the	   type	  of	   interactions	   involved	   in	   the	  binding	  process	  was	  assessed.	   This	   involved	  hydrophobic	  
collapse	  for	  oleic	  acid,	  electrostatic	  interactions	  for	  citrate,	  hydrophobic	  interactions	  and	  hydrogen	  bonding	  for	  
catechin,	   as	  well	   as	   combination	   of	   hydrogen	  bonds	   and	  electrostatics	   for	   hydrogen	   citrate	   and	  dihydrogen	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citrate.	   Subsequently,	   for	   the	   most	   stable	   molecule	   in	   each	   system	   the	   SMD	   protocol	   with	   ranging	   force	  
constants	  was	   applied.	   It	   appeared	   that	   the	  power	   functions	  of	   the	   rupture	   force	   versus	   the	   applied	   spring	  
constant	   described	   the	   data	   well.	   The	   binding	   affinity	   of	   each	   molecule	   towards	   keratin	   helix	   was	   then	  
calculated	  by	  US	  and	  compared	  with	  available	  experimental	  data.	  A	  good	  agreement	  was	  reached.	  Finally,	  the	  
validity	  of	  the	  keratin-­‐EGCG	  linear	  correlation:	  rupture	  force	  versus	  the	  free	  energy	  was	  assessed.	  It	  was	  shown	  
that	   it	   is	   possible	   to	   calculate	   the	   free	   energy	   based	  on	   short	   SMD	   simulations	   at	   constant	   loading	   rate	   for	  
molecules	  which	  do	  not	  vary	  significantly	  in	  their	  properties	  (-­‐1.721<	  logP	   <2.08	  or	   the	  maximum	  overall	  
charge	  of	  ±1).	  	  
Hence,	   the	  protocol	   for	   fast	   free	  energy	  predictions	  using	  CHARMM22/CMAP	  force	   field	  and	  TIP3P	  model	  
for	  those	  ligands	  binding	  the	  most	  common	  alpha	  helical	  motif	  is	  provided:	  
1. Apply	  SMD	  protocol	  of	  pulling	  the	  ligand	  away	  from	  the	  helix	  perpendicular	  to	  its	  rod	  10	  times	  by	  its	  
centre	  of	  mass	  with	  the	  spring	  constant	  of	  120	  kcal	  mol-­‐1	  nm-­‐2	  and	  velocity	  of	  10	  nm	  ns-­‐1,	  
2. The	  arithmetic	  average	  (	  !!"#	  )	  of	  the	  maximum	  pulling	  forces	  obtained	  in	  step	  1	  is	  correlated	  with	  the	  
binding	  free	  energy:	  	  ∆! = −0.1224!!"# + 3.9346	  where	  !"	  	  in	  units	  of	  kcal	  mol-­‐1	  and	  !!"#	  in	  units	  of	  
kcal	  mol-­‐1	  nm-­‐1.	  	  
Although	  the	  above	  model	  is	  based	  on	  low	  number	  of	  molecules	  and	  further	  investigations	  are	  necessary	  in	  
order	  to	  build	  a	  predictive	  tool,	  for	  the	  first	  time	  in	  this	  study	  molecules	  with	  significantly	  varying	  properties	  
were	   taken	   into	   account	   for	   binding	   free	   energy	   predictions	   based	   on	   couple	   of	   SMD	   simulations.	   In	   this	  
chapter	  it	   is	  shown	  that	  this	  approach	  could	  be	  a	  starting	  point	   in	  the	  new	  methodology	  fast	  for	  free	  energy	  
predictions	   based	   on	   short	   SMD	   simulations	   (hundreds	   of	   picoseconds	   to	   nanoseconds)	   instead	   of	   time	  
consuming	   free	   energy	   calculations	   (hundreds	   of	   nanosecond	   to	   microseconds)	   and	   may	   provide	   a	   new	  
pathway	   in	  drug	  design	  binding	  affinity	  establishment.	   It	   is	  shown	  that	  SMD	  is	  a	  very	  predictive	  tool	   for	  free	  
energy	  calculations.	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CHAPTER	  VII	  
	  
Coarse-­‐Grained	  Force	  Field	  Development	  and	  
Application	  for	  Skin	  Keratins	  
	  
7.1.	  Introduction	  
	  
Keratin	   intermediate	   filaments	   (IFs)	   which	   are	   present	   in	   the	   outermost	   skin	   layer	   (SC)	   within	   dead,	  
flattened	   and	   anucleated	   cells	   (corneocytes)	   are	   embedded	   in	   a	   “broth”	   which	   is	   a	   mixture	   of	   water,	   free	  
amino	  acids,	  ions	  as	  well	  as	  other	  non-­‐ionic	  compounds.	  As	  previously	  mentioned	  this	  mixture	  composition	  is	  
called	  “Natural	  Moisturizing	  Factor”	  (NMF)	  which	  plays	  a	  significant	  role	  in	  properties	  of	  human	  skin	  such	  as:	  
transdermal	  permeation	  of	  small	  actives,	  elasticity	  and	  the	  water	  content.97,98,100,254	  The	  decrease	  in	  the	  NMF	  
concentration	  results	  in	  the	  dry	  and	  itchy	  skin	  which	  may	  cause	  further	  disorders	  and	  diseases.101	  For	  instance,	  
the	  applications	  of	  water	  based	  moisturizers	  causes	  the	  soak	  of	  SC	  layers	  obtaining	  illusion	  of	  moisturized	  skin.	  
That	   causes	   NMF	   to	   be	   diluted	   and	   evaporation	   of	   water	   becomes	   much	   higher.	   Water	   itself	   without	   the	  
presence	  of	  NMF	  has	  no	  capacity	  for	  providing	  elastic	  properties	  for	  human	  skin.22	  
Jokura	  et	  al22	  using	  experimental	  methods	  investigated	  that	  the	  absence	  of	  NMF	  in	  SC	  causes	  much	  stronger	  
association	  of	  keratin	  IFs.	  Additionally,	  the	  mobility	  of	  IF	  was	  reduced	  and	  the	  increase	  of	  the	  moisture	  content	  
did	  not	  result	  in	  better	  SC	  elasticity	  without	  NMF.	  The	  greater	  the	  mobility	  of	  IFs	  the	  better	  elastic	  properties	  
of	   the	   outermost	   skin	   layer	   reached.	   Jokura	   et	   al.	   observed	   that	   the	   application	   of	   NMF	   composed	   of	   free	  
amino	  acids	   resulted	   in	  decreased	  attractive	   forces	  between	  keratin	  bundles.	  Different	   types	  of	  amino	  acids	  
were	   assessed:	   neutral	   to	   basic	   (glycine	   and	   lysine)	   provided	   SC	   with	   great	   elastic	   properties	   while	   acidic	  
residues	   were	   shown	   to	   have	   decreased	   capacity	   for	   the	   SC	   elasticity	   restoration.	   Those	   results	   were	  
summarised	  with	  the	  statement	  that	  “the	  role	  of	  NMF	  is	  to	  prevent	  the	  attractive	  forces	  between	  keratin	  IFs”	  
providing	  the	  SC	  layer	  with	  elastic	  properties	  as	  well	  moisturized	  healthy	  skin.	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Akinshina	   et	   al.102	   developed	   a	  model	   based	   on	   the	   self	   consistent	   field	   theory	   (SCF)	   for	   the	   interactions	  
between	   keratin	   IFs	   in	   the	   SC	   (keratin	   pair:	   keratin	   1	   and	   10).	   By	   representing	   IFs	   as	   charged	   surfaces	  with	  
grafted	  unstructured	   keratin	  heads	   and	   tails	   it	  was	   claimed	   that	   terminal	   chains	  have	   capacity	  of	  mediating	  
weak	  attraction	  between	  IFs	  by	  electrostatics	  and	  bridging.	  The	  addition	  of	  NMF	  (free	  amino	  acids)	  caused	  the	  
lower	   attraction	  between	   keratin	   bundles.	   Results	   validated	   experimental	   studies	   by	   Jokura	   et	   al.	   and	  were	  
represented	  as	  volume	  fraction	  of	  given	  types	  of	  amino	  acids	  (polar,	  nonpolar,	  acidic,	  basic	  and	  glycine)	  away	  
from	  the	  keratin	  IF	  surface.	  
The	   IF	   diameter	   of	   	   7.8	   nm	   as	  well	   as	   the	   distance	   between	   keratin	   IFs	   of	   8.2	   nm	   in	   a	   healthy	   skin	  was	  
provided	  by	  Norlen	  et	  al.	   110	   in	  the	  cryo-­‐electron	  microscopy	  study.	   It	   is	  also	  known	  that	  the	   length	  of	  the	  IF	  
corresponds	   to	   50	   nm.88	   The	   elastic	   properties	   of	   the	   outermost	   skin	   layer	   and	   thus	   interactions	   between	  
keratin	  IFs	  within	  MD	  have	  never	  been	  studied	  before.	  That	  arises	  from	  the	  large	  size	  of	  this	  system	  which	  all	  
atom	  force	  fields	  have	  no	  capacity	  in	  reaching	  reasonable	  time	  scales.	  
	  
	  
7.2.	  Objectives	  
	  
Due	  to	  the	  above	  limits	  of	  all	  atom	  force	  fields,	  the	  aim	  of	  this	  chapter	  was	  to	  develop	  and	  apply	  the	  coarse-­‐
grained	  (CG)	  force	  field	  which	  will	  enable	  studying	  interactions	  between	  keratin	  IFs	  and	  the	  effect	  of	  NMF.	  For	  
this	  purpose,	  the	  following	  objectives	  were	  defined:	  
• Run	  all	  atom	  reference	  simulation	  in	  explicit	  water,	  
• Generate	  a	  water	  free	  CG	  force	  field	  which	  will	  reproduce	  full	  atomistic	  representation	  with	  5	  types	  of	  
beads:	  polar,	  nonpolar,	  acidic,	  basic,	  glycine	  -­‐	  each	  representing	  one	  amino	  acid,	  
• Build	  a	  representation	  of	  keratin	  IFs,	  
• Apply	  the	  force	  field	  for	  interactions	  between	  keratin	  IFs	  and	  assess	  the	  influence	  of	  NMF,	  
• Validate	  the	  secondary	  structure	  of	  the	  surrogate	  within	  circular	  dichroism	  (CD).	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For	   this	   purpose	   the	   60	   residues	   surrogate	   representing	   non-­‐helical	   keratin	   terminal	   was	   chosen.	  
Temperature	   annealing	   was	   employed	   for	   the	   all	   atom	   simulation	   in	   explicit	   water	   in	   order	   to	   explore	   all	  
possible	  conformations	  (energy	  states)	  of	  the	  surrogate.	  Subsequently,	  by	  representing	  each	  amino	  acid	  as	  one	  
bead	  with	   its	  mass	  corresponding	  to	   its	  central	  carbon	  atom	  in	  the	  coarse	  grain	  representation,	  bonded	  and	  
non-­‐bonded	  distributions	  were	  extracted	  and	  reproduced	  within	  Boltzmann	  inversion	  and	  iterative	  Boltzmann	  
inversion	   method	   respectively.	   A	   great	   agreement	   was	   reached	   between	   fully	   atomistic	   and	   coarse	   grain	  
model	  in	  terms	  of	  bonded	  and	  non-­‐bonded	  distributions	  as	  well	  as	  the	  compactness	  of	  the	  polypeptide	  (radius	  
of	   gyration).	   The	   coarse-­‐grain	   force	   field	   was	   applied	   with	   IFs	   represented	   by	   cylindrically	   shaped	  
conformations.	   The	   influence	   of	   NMF	   was	   assessed	   confirming	   Jokura	   et	   al.	   experimental	   studies.	   Finally,	  
circular	  dichroism	  (CD)	  experiment	  was	  performed	  by	  Dr	  Alfonso	  De	  Simone	  (Imperial	  College	  London)	  on	  the	  
synthesised	  surrogate	  polypeptide.	  The	  obtained	  experimental	  result	  provided	  the	  typical	  spectra	  of	  a	  random	  
coil	  confirming	  the	  computational	  findings.	  The	  experimental	  part	  is	  presented	  in	  Appendix	  III.	  In	  this	  work,	  for	  
the	   first	   time	  a	  coarse-­‐grain	   force	   field	   including	  water	  within	   tabulated	  potentials	  was	  built	  and	  applied	   for	  
the	  interactions	  between	  intermediate	  filaments.	  
	  
7.3.	  Methodology	  
7.3.1.	  The	  choice	  of	  the	  sequence	  
	  
As	  previously	  mentioned	  keratin	  IFs	  are	  formed	  by	  pairing	  acidic	  (type	  I)	  and	  basic	  (type	  II)	  keratin.	  The	  most	  
abundant	  keratin	  pair	   in	   the	  SC	   is	  keratin	  1	  and	  keratin	  10	   (KRT1/KRT10).89,90	  The	  sequences	  of	  KRT1/KRT10	  
were	  provided	  by	  keratin	  IF	  database	  	  (www.interfil.org).183	  It	  can	  be	  noted	  that	  two	  “heads”	  and	  two	  “tails”	  
(non-­‐helical	   terminals)	   of	   the	  most	   common	   keratin	   pair	   in	   SC	   possess	   glycine	   rich	  motifs.	   In	   Table	   7.1	   the	  
amino	  acid	  composition	  of	  SC	  keratin	  pair	  in	  terms	  of	  charged	  residues	  and	  glycine	  content	  is	  presented.	  The	  
analysis	  is	  based	  on	  the	  acidic	  pH	  of	  the	  skin	  where	  histidine	  residues	  are	  in	  their	  protonated	  state.	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Table	  7.1.	   The	  amino	  acid	   composition	  of	   the	  most	  abundant	   stratum	  corneum	  keratin	  pair:	  KRT1/KRT10	   in	  
terms	  of	  charged	  amino	  acids	  and	  the	  content	  of	  glycine.	  
	  
	   Overall	  charge	   Glycine	  content	  [%]	   Number	  of	  amino	  
acids	  
KRT1	  –	  N	  terminal	   +10	   40	   180	  
KRT1	  –	  C	  terminal	   +9	   46	   151	  
KRT10	  –	  N	  terminal	   +6	   48	   146	  
KRT10	  –	  C	  terminal	   +7	   56	   124	  
KRT1/KRT10	  –	  helical	  rod	   -­‐13/-­‐21	   1.6/3.2	   313/314	  
	  	  
It	   can	  be	  noted	   that	   the	  overall	   charge	  of	  helical	  part	  of	   the	  coiled-­‐coil	  domain	  composed	  of	  KRT1/KRT10	  
corresponds	  to	  -­‐34	  while	  all	  sticking	  out	  non-­‐helical	  terminals	  (“heads”	  and	  “tails”)	  possess	  the	  charge	  of	  +32.	  
Hence,	  the	  crucial	  role	  is	  played	  by	  electrostatic	  interactions	  between	  keratin	  IFs	  and	  “heads”	  and	  “tails”.	  The	  
glycine	  content	  of	  all	   terminals	   in	  SC	  keratin	  pair	   is	  above	  40%	  while	   in	   the	  helical	  part	  below	  5%.	   It	   can	  be	  
noted	  that	  acidic	  residues	  in	  all	  terminals	  are	  mainly	  situated	  close	  to	  the	  keratin	  IF	  surface	  while	  basic	  amino	  
acids	  near	  the	  terminal	  endings.	  All	  SC	  keratin	  terminals	  have	  amino	  acid	  sequence	  longer	  than	  100	  residues	  
which	  is	  not	  reachable	  by	  experimental	  synthesis.	  Due	  to	  this	  fact	  and	  the	  computational	  resources	  needed	  for	  
long	  polypeptides	  with	  explicit	  water,	  the	  sequence	  of	  the	  terminal	  was	  approximated	  to	  60	  residues	  surrogate	  
based	  on	  the	  KRT10	   -­‐	   terminal	  N.	  The	  terminal	  endings	   (basic	  and	  acidic	  of	  16	  and	  10	  residues	  respectively)	  
were	  conserved	  as	  well	  as	  34	  residues	  of	  glycine	  rich	  part	  neighbouring	  with	  the	  basic	  ending	  (Figure	  7.1).	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Figure	  7.1.	  The	  choice	  of	   the	   terminal	   surrogate:	   full	   sequence	  of	   keratin	  10:	  N	   terminal	   (146	   residues)	   and	  
approximated	   surrogate	   of	   60	   residues	  with	   conserved	  basic	   and	   acidic	   ending	   as	  well	   as	   glycine	   rich	  motif	  
(residues	  marked	  in:	  blue	  –	  basic,	  red	  –	  acidic,	  green	  –	  glycine,	  yellow	  –	  remaining	  part	  of	  surrogate,	  black	  –	  
those	  omitted	  in	  the	  surrogate	  sequence).	  
	  
	  
7.3.2.	  System	  setup	  –	  All	  Atom	  Simulation	  
	  
The	   reference	   full	   atomistic	   simulation	   was	   run	   using	   ACEMD255,256	   software	   under	   graphic	   process	   unit	  
(GPU)	   with	   AMBER99SB*-­‐ILDN-­‐Q257	   force	   field.	   The	   surrogate	   sequence	   has	   been	   taken	   as	   an	   input	   to	   the	  
initial	   structure	   for	   the	   full	  atomistic	   reference	  simulation.	  Alpha	  helical	  segment	  consisting	  of	   the	  surrogate	  
sequence	  has	  been	  built	  using	  PyMol	  software	  and	  was	  placed	  in	  the	  cubic	  unit	  cell	  of	  857.375	  nm3.	  Due	  to	  the	  
acidic	  skin	  pH,	  histidine	  was	  treated	  in	  its	  protonated	  state.	  The	  box	  was	  filled	  with	  the	  27000	  TIP3P184	  water	  
molecules	   and	   two	   CL-­‐	   ions	   were	   added	   to	   reach	   the	   neutral	   charge	   of	   the	   system.	   After	   the	   energy	  
minimization	  using	  conjugate-­‐gradient258	  algorithm	  with	  1fs	   time	  step,	   the	  NVT	  of	  1ns	  and	  NPT	  of	  1	  ns	  with	  
position	   restraints	   dynamics	   of	   backbone	   atoms	  were	   subsequently	   performed	   using	   2	   fs	   time	   step	   for	   the	  
system	  equilibration.	  The	  langevin259	  thermostatic	  control	  and	  Berendsen	  barostat260	  with	  the	  1	  atm	  pressure	  
were	   applied	   using	   the	   velocity-­‐Verlet	   integration.	   The	   PME186-­‐187,	   255	  was	   used	   for	   long-­‐range	   electrostatics	  
with	   the	   cut-­‐off	   distance	  of	   0.9	  nm	   for	   the	  direct-­‐space	   interactions.	   	   In	   order	   to	  obtain	   a	   random	  coil,	   the	  
production	  run	  of	  80	  ns	  simulation	  in	  NPT	  ensemble	  was	  performed	  at	  temperature	  of	  800K.	  Obtained	  random	  
coil	  was	  an	  initial	  input	  for	  the	  temperature	  annealing	  simulation.	  By	  driving	  the	  system	  from	  300K	  to	  500K	  in	  
the	  NPT	  ensemble,	  different	  energy	  states	  can	  be	  explored.	  This	  technique	  provides	  the	  possibility	  of	  avoiding	  
the	  energy	  minima	  trap.	  Contrary,	  using	  a	  constant	  temperature	  the	  final	  structure	  may	  be	  dependent	  upon	  
the	  initial	  structure	  due	  to	  the	  local	  energy	  minima.	  Replica	  exchange	  molecular	  dynamics	  (REMD)261	  is	  another	  
method	   to	   enhance	   sampling	   by	   exploring	   different	   energy	   states	   with	   replicas	   simulated	   at	   different	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temperatures.	   REMD	   is	   computationally	   very	   expensive	   and	   not	   applicable	   under	   the	   graphic	   process	   unit	  
(GPU)	  within	  ACEMD	  software.	  However,	  using	  temperature	  annealing	  different	  conformations	  can	  be	  visited	  
and	  the	  system	  has	  capability	  to	  explore	  the	  whole	  phase	  space	  in	  terms	  of	  the	  momenta	  and	  positions.	  For	  
this	  purpose	  a	  series	  of	  cycles	  (each	  of	  10	  ns)	  was	  applied	  (Figure	  7.2):	  	  
1. Heating	  up	  the	  system	  from	  300K	  to	  500K	  of	  2	  ns,	  
2. Simulation	  of	  500K	  for	  3ns,	  
3. Cooling	  down	  the	  system	  from	  500K	  to	  300K	  for	  3	  ns,	  
4. Equilibrium	  simulation	  at	  300K	  for	  2ns	  (the	  collection	  of	  data).	  
	  
	  
Figure	  7.2.	  The	  temperature	  annealing	  cycle	  of	  10	  ns	  –	  driving	  the	  system	  from	  300	  to	  500K	  sufficient	  number	  
of	   times	  enables	   to	  explore	  different	  conformations	  and	  hence	   the	  whole	  phase	  space	   in	   terms	  of	  positions	  
and	  momenta.	  
	  
	  
The	  temperature	  annealing	  was	  run	  until	   the	  trajectory	  at	  300	  K	   (last	  2	  ns	  of	  each	  cycle)	  divided	   into	  two	  
parts	   represented	   similar	   structural	   properties.	   That	   ensured	   that	   all	   energy	   states	   i.e.	   conformations	  were	  
explored	  at	  this	  temperature.	  Subsequently,	  this	  trajectory	  (at	  300	  K)	  was	  used	  for	  calculating	  distributions	  for	  
bonded	  and	  non-­‐bonded	  interactions.	  All	  distributions	  were	  calculated	  between	  central	  carbon	  atoms	  of	  each	  
residue.	   In	   order	   to	   reproduce	   bonded	   parameters,	   distributions	   of	   angles	   (3	   consecutive	   central	   carbon	  
atoms)	  as	  well	  as	  dihedral	  angles	  (4	  consecutive	  central	  carbon	  atoms)	  over	  the	  trajectory	  were	  calculated.	  The	  
distributions	  of	  bonds	  were	  omitted	  due	  to	  the	  simplification	  assumed	  in	  the	  coarse	  grain	  representation	  by	  
the	  use	  of	  distance	  constraints	  (LINCS)185	  between	  Cα	  atoms	  corresponding	  to	  0.38	  nm.	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Non-­‐bonded	   interactions	   were	   extracted	   as	   radial	   distribution	   functions	   (RDFs)	   between	   different	   types	   of	  
beads.	  RDF	  is	  a	  probability	  of	  finding	  of	  the	  particle	  density	  (type	  B)	  at	  a	  distance	   r around	  particles	  of	  type	  A.	  
RDFs	  calculations	  were	  performed	  with	  excluding	  3	  possible	  neighbours.	  The	  RDFs	  were	  calculated	  between	  5	  
types	  of	   beads:	   polar	   (serine,	   tyrosine,	   and	   asparagine),	   nonpolar	   (valine,	   phenylalanine,	   and	   leucine),	   basic	  
(methionine	   with	   NH3+	   group,	   arginine,	   lysine	   and	   protonated	   at	   skin	   pH	   histidine),	   acidic	   (aspartic	   acid,	  
glutamic	   acid)	   and	   glycine.	   The	   choice	   of	   the	   type	   beads	   corresponds	   to	   the	   intramolecular	   electrostatic	  
interactions	   (acidic,	   basic)	  within	   keratin,	   hydrophobic	   interactions	   (polar,	   nonpolar)	   and	   the	   crucial	   glycine	  
rich	  repeating	  motifs.	  
	  
7.3.3.	  System	  Setup	  –	  Coarse	  Grained	  Approach	  
	  
As	  previously	  mentioned	   the	  aim	  of	   this	  work	  was	   to	  build	   the	   coarse-­‐grained	   force	   field	  with	  5	   types	  of	  
beads.	   Each	   of	   60	   beads	   represented	   one	   amino	   acid	   of	   given	   type	   with	   its	   mass.	   The	   distances	   between	  
“bonded”	   coarse-­‐grain	  beads	  were	   constraint	   to	  0.38	  nm	   (using	   LINCS	  algorithm)	  according	   to	   full	   atomistic	  
simulation	  distances	  between	  central	  carbon	  atoms.	  In	  order	  to	  reproduce	  bonded	  (angles	  and	  dihedrals)	  and	  
non-­‐bonded	  (RDFs)	  distributions	  obtained	  from	  all	  atom	  simulation,	  Boltzmann	  inversion	  method	  was	  used	  for	  
this	   purpose	   using	   VOTCA	   software.170	   	   For	   bonded	   parameters	   the	   calculated	   histograms	   of	   angles	   and	  
dihedral	   angles	   were	   normalized	   according	   to	   the	   equation	   3.33	   and	   inverted	   (at	   T=300K)	   into	   tabulated	  
potentials	   (equation	  3.34).	  For	  non-­‐bonded	  parameters	  RDFs	   ( refP )	  were	  similarly	   inverted	  according	  to	   the	  
equation	   3.35.	   The	   post-­‐processing	  methodology	   of	   the	   obtained	   potentials	   i.e.	   inverted	   bonded	   and	   non-­‐
bonded	  distributions	  was	  as	  following:	  
• Clipping	  poorly	  sampled	  regions	  –	  deleting	  values	  with	  irregular	  shape,	  
• Resampling	  (interpolating)	  the	  potential	  –	  changing	  the	  grid,	  
• Extrapolation	  at	  the	  borders,	  
• Exporting	  the	  potential	  to	  the	  table	  supported	  by	  GROMACS	  software.	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The	  exported	  tables	  are	  the	  input	  for	  the	  coarse-­‐grain	  force	  field	  and	  simulation	  can	  be	  performed.	  In	  total	  
for	  60	  residues	  polypeptide	  distributions	  of	  58	  angles,	  57	  dihedral	  angles	  as	  well	  as	  15	  RDFs	  (5	  types	  of	  beads)	  
were	  aimed	  to	  be	  reproduced.	  	  
The	  coarse-­‐graining	  methodology	  was	  as	  following:	  
	  
1. Reproduce	   within	   CG	   representation	   all	   atom	   bonded	   distributions	   (angles,	   dihedrals).	   For	   this	  
purpose	  a	   simulation	  of	  10	  μs	  with	   the	  post-­‐processed	   inverted	  bonded	  distributions	   (potentials)	  
using	   non-­‐bonded	   Weeks	   Chandler	   Andersen	   (WCA)262	   potential	   for	   all	   beads.	   WCA	   is	   a	   fully	  
repulsive	  potential	  presented	  in	  Figure	  7.3	  which	  enables	  exploring	  all	  possible	  angles	  and	  dihedral	  
angles	  thus	  used	  in	  this	  chapter.	  
	  
	  
Figure	  7.3.	  Weeks	  Chandler	  Andersen	  (WCA)	  potential	  used	  for	  all	  beads	  in	  the	  coarse-­‐grain	  model	  
to	  reproduce	  bonded	  parameters	  within	  the	  simulation	  of	  10	  μs.	  
	  
	  
2. Reproduce	  all-­‐atom	  15	  RDFs	  by	  CG	  model	  with	  bonded	  potentials	   included	   from	   the	   step	  1.	   The	  
input	   for	   the	   iterative	   Boltzmann	   inversion	   method	   are	   reference	   RDFs	   from	   full	   atomistic	  
simulation	  as	  well	  as	  initial	  guess	  of	  tabulated	  potentials	  (inverted	  RDFs).	  	  
	  
3. Assess	   the	   influence	   of	   non-­‐bonded	   tabulated	   potentials	   from	   point	   2	   on	   the	   distributions	   of	  
bonded	  potentials	  obtained	  in	  step	  1	  within	  10	  μs	  simulation.	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All	  coarse-­‐grain	  simulations	  were	  run	  using	  NVT	  ensemble.	  The	  cut	  off	  distance	  for	  non-­‐bonded	  potentials	  
were	   set	   to	   2	   nm.	   The	   equations	   of	  motion	   were	   integrated	   using	   Verlet	   leap-­‐frog	   algorithm.	   The	   velocity	  
rescale	  thermostat	  with	  additional	  stochastic	  term	  was	  used	  to	  maintain	  the	  temperature	  at	  300	  K.	  The	  initial	  
velocities	   were	   set	   according	   to	   the	   Maxwell	   distribution.	   Periodic	   boundary	   conditions	   were	   used	   in	   all	  
directions.	  
	  
7.4.	  Results	  
7.4.1.	  All	  Atom	  Simulation	  
	  
	  
As	  previously	  mentioned	  the	  first	  full	  atomistic	  NPT	  simulation	  involved	  60	  residues	  α-­‐helix	  at	  800	  K	  in	  order	  
to	  obtain	  a	  random	  coil.	  The	  obtained	  unstructured	  surrogate	  after	  80	  ns	  simulation	  at	  800	  K	  is	  presented	  in	  
Figure	  7.4.	  
	  
	  
Figure	  7.4.	   Initial	  helical	  structure	  of	  the	  60	  residues	  surrogate	  together	  with	  the	  obtained	  random	  coil	  after	  
simulation	  of	  80	  ns	  in	  the	  NPT	  ensemble	  at	  the	  temperature	  of	  800K.	  
	  
	  
Subsequently,	  210	  cycles	  of	  10	  ns	  (2.1	  μs	  in	  total)	  have	  been	  conducted	  using	  NPT	  ensemble.	  This	  simulation	  
time	  was	  sufficient	  to	  explore	  the	  whole	  phase	  space	  which	  has	  been	  assessed	  by	  dividing	  the	  whole	  trajectory	  
at	  300	  K	  (combined	  last	  2ns	  of	  each	  cycle	  into	  one	  trajectory)	  into:	  part	  I)	  300-­‐1200	  ns	  and	  part	  II)	  1200-­‐2100	  
ns)	  which	   represented	   similar	   structural	   properties.	   That	   ensured	   that	   all	   energy	   states	  were	   visited.	   In	   the	  
Figure	  7.5	  the	  mean	  distances	  maps	  of	  the	  whole	  simulation	  and	  both	  part	  I	  and	  II	  between	  given	  residue	  index	  
are	  presented.	  The	  mean	  distance	  for	  each	  residues	  pair	  was	  calculated	  as	  the	  distance	  between	  their	  centres	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of	  masses	  and	  averaged	  over	  the	  whole	  simulation	  time.	  First	  300	  ns	  (30	  cycles)	  for	  the	  system	  equilibration	  
were	   omitted.	   It	   is	   observed	   that	   nearly	   identical	  mean	  distances	  maps	  were	   obtained	   in	   both	   parts	   of	   the	  
simulation	  suggesting	  that	  all	  conformations	  were	  explored	  at	  300K.	  
	  
	  
	  
Figure	  7.5.	  Mean	  distances	  map	  of	  the	  surrogate	  terminal	  at	  300K.	  The	  trajectory	  was	  divided	  into	  two	  parts:	  I	  
–	  300-­‐1200	  ns	  and	  II	  –	  1200-­‐2100	  ns.	  Both	  parts	  represent	  similar	  maps	  of	  mean	  distances	  as	  well	  as	  the	  whole	  
trajectory	  of	  300-­‐2100	  ns.	  First	  300	  ns	  were	  omitted	  for	  the	  system	  equilibration.	  
	  
	  
Root	  mean	  square	  fluctuation	  (RMSF	  i.e.	  standard	  deviations	  averaged	  over	  the	  simulation	  time)	  of	  central	  
carbon	   atoms	   with	   respect	   to	   the	   initial	   random	   coil	   was	   calculated	   for	   both	   parts	   of	   the	   full	   atomistic	  
simulation.	  In	  Figure	  7.6	  RMSF	  is	  shown	  for	  both	  part	  I	  and	  II	  of	  the	  simulation	  providing	  similar	  deviations	  of	  
each	  central	  carbon	  atom.	  The	  end	  to	  end	  distance	  between	  central	  carbon	  atoms	  of	  terminal	  residues	  (1st	  and	  
60th)	  was	  also	  calculated	  for	  both	  parts	  of	  the	  simulation.	  In	  Figure	  7.7	  nearly	  identical	  distributions	  are	  shown.	  
Similarly	   the	  distribution	  of	   the	  hydrophobic	   solvent	   accessible	   surface	  area	   (SASA)190	   shows	   similar	  profiles	  
(Figure	  7.8)	  together	  with	  the	  radius	  of	  gyration	  (Figure	  7.9)	  calculated	  for	  the	  backbone	  atoms.	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Figure	   7.6.	   Root	  mean	   square	   fluctuations	   (RMSF)	  with	   respect	   to	   the	   initial	   random	   coil	   structure	  of	   given	  
residue	  index	  (central	  carbon	  atom)	  averaged	  over	  the	  simulation	  time	  of	  part	  I	  and	  II	  at	  300K.	  	  
	  
	  
Figure	  7.7.	  Central	  carbon	  atoms	  end	  to	  end	  distance	  (first	  and	  last	  residues)	  distributions	  of	  part	  I	  and	  II	  full	  
atomistic	  simulations	  at	  300K.	  	  
	  
	  
Figure	  7.8.	  Distributions	  of	  the	  polypeptide	  hydrophobic	  solvent	  accessible	  surface	  area	  of	  the	  part	  I	  and	  II	  at	  
300	  K.	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Figure	  7.9.	  Distributions	  of	  the	  polypeptide	  gyration	  radius	  of	  part	  I	  and	  II	  of	  the	  all	  atom	  simulation	  at	  300	  K.	  	  
	  
	  
Once	   all	   conformations	   (energy	   states)	   were	   explored	   within	   the	   full	   atomistic	   simulation	   at	   300	   K,	  
distributions	   of	   angles	   and	   dihedral	   angles	   together	  with	   15	   RDFs	   between	  different	   types	   of	   beads	   can	   be	  
extracted.	  In	  Figure	  7.10	  RDFs	  are	  presented	  for	  given	  pair	  of	  beads.	  RDFs	  were	  normalized	  so	  that	  area	  below	  
the	  curve	  is	  equal	  to	  1	  and	  then	  cut	  at	  the	  2	  nm	  distance	  where	  negligible	  interactions	  are	  present.	  Similarly	  
the	   distributions	   of	   angles	   and	   dihedrals	   were	   obtained.	   In	   Figure	   7.11	   distributions	   of	   58	   angles	   and	   57	  
dihedrals	  at	  300	  K	  from	  fully	  atomistic	  simulation	  are	  shown.	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Figure	   7.10.	   Radial	   distribution	   functions	   (RDFs)	   between	   different	   types	   of	   beads	   obtained	   from	   fully	  
atomistic	  simulation	  at	  300	  K.	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Figure	  7.11.	  Bonded	  distributions	  extracted	  from	  fully	  atomistic	  simulation	  at	  300	  K:	  A)	  58	  angles	  between	  3	  
consecutive	  central	  carbon	  atoms;	  B)	  57	  dihedral	  angles	  between	  4	  consecutive	  central	  carbon	  atoms.	  
	  
	  
7.4.2.	  Coarse-­‐Grained	  Force	  Field	  
	  
The	  aim	  of	   the	   coarse-­‐grained	  model	   is	   to	   reproduce	   fully	   atomistic	   simulation.	  As	  mentioned	  before	   the	  
electrostatics	  and	  water	  is	  assumed	  to	  be	  included	  in	  the	  coarse	  grain	  simulation.	  In	  Figure	  7.12	  fully	  atomistic	  
simulation	  box	  with	  explicit	  solvent	  model	  is	  shown	  as	  well	  as	  the	  aimed	  coarse	  grained	  representation	  with	  60	  
beads,	  each	  representing	  one	  amino	  acid.	  
	  
	  
Figure	   7.12.	   The	   concept	   of	   coarse	   graining	   from	   fully	   atomistic	   simulation	   (app.	   83	   000	   atoms)	   to	   coarse-­‐
grained	   representation	   (60	   beads).	   Each	   amino	   acid	   in	   the	   coarse-­‐grained	  model	   is	   represents	   by	   one	   bead	  
with	   the	  mass	   of	   the	   residue.	   Electrostatics	   and	   explicit	   water	   model	   from	   fully	   atomistic	   simulation	   were	  
aimed	  to	  be	  included	  within	  tabulated	  non-­‐bonded	  potentials.	  
	  
According	   to	   the	  methodology	   in	   section	   7.3.3,	   initially	   distributions	   of	   58	   angles	   and	   57	   dihedral	   angles	  
(Figure	  7.11)	  were	  aimed	  to	  be	  reproduced	  using	  BI	  method	  within	  a	  simulation	  of	  applied	  WCA	  potential	  for	  
all	  beads.	  The	  post-­‐processing	  methodology	  of	  each	  angle	  and	  dihedral	  angle	  was	  employed	  and	  the	  example	  
of	  one	  of	  the	  angles	  is	  shown	  in	  Figure	  7.13.	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First,	   poorly	   sampled	   regions	   of	   the	   potential	   are	   removed.	   Secondly	   the	   data	   is	   resampled	   (interpolated)	  
within	  cubic	  function	  using	  minimum	  and	  maximum	  values	  of	  the	  area	  as	  well	  as	  the	  grid	  spacing	  (Figure	  7.13	  
A).	  Finally,	  the	  data	  is	  extrapolated	  to	  the	  borders	  using	  the	  cubic	  function	  and	  translated	  into	  the	  GROMACS	  
software	  as	  tabulated	  potential	  -­‐	  the	  input	  for	  the	  coarse-­‐grain	  simulation	  (Figure	  7.13	  B).	  
	  
	  
Figure	  7.13.	  The	  example	  of	  refining	  tabulated	  potential	  based	  on	  the	  one	  of	  the	  angles	  between	  3	  consecutive	  
central	   carbon	  atoms.	   The	   raw	  data	  obtained	  by	   inverting	   the	  distribution	   from	   fully	   atomistic	   simulation	   is	  
refined	  through	  the:	  A)	  interpolation	  (resampling)	  and	  B)	  extrapolation.	  
	  
The	  post-­‐processed	  tabulated	  bonded	  potentials	  (58	  angles	  and	  57	  dihedral	  angles)	  were	  used	  as	  an	  input	  
for	  the	  simulation	  using	  Weeks	  Chandler	  Anderson	  (WCA)	  non-­‐bonded	  potential	  for	  all	  beads.	  The	  production	  
CG	  run	  was	  set	  to	  10	  μs	  in	  the	  NVT	  ensemble.	  In	  the	  Figure	  7.14	  the	  results	  of	  the	  coarse-­‐grain	  distributions	  of	  
all	   angles	   and	   dihedral	   angles	   in	   comparison	   to	   the	   fully	   atomistic	   simulation	   are	   presented.	   Excellent	  
agreement	  was	  reached	  between	  fully	  atomistic	  simulation	  and	  the	  coarse-­‐grain	  model.	  
	  
	  
	  
Figure	   7.14.	   Coarse-­‐grained	   distributions	   after	   10	   μs	   of	   NVT	   simulation	   at	   300K	   using	   Weeks	   Chandler	  
Andersen	   potential	   versus	   distributions	   obtained	   from	   fully	   atomistic	   simulation	   of:	   A)	   58	   angles	   and	   B)	   57	  
dihedral	  angles.	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The	  reproduced	  bonded	  parameters	  were	  used	  as	   the	   input	   for	   the	   IBI	   to	   iteratively	  obtain	   the	   reference	  
RDFs	  within	  CG	  representation.	  The	   input	   for	   the	   IBI	  method	   in	  VOTCA	  software	   is:	   fully	  atomistic	   reference	  
RDFs	   together	   with	   the	   tabulated	   potentials	   (inverted	   RDFs)	   for	   the	   first	   production	   run.	   The	   IBI	   method	  
employed	  herein	  is	  described	  in	  the	  methodology	  section	  (equations	  3.35	  –	  3.37).	  Initially,	  the	  first	  simulation	  
with	   the	   mentioned	   input	   is	   run.	   Secondly,	   the	   obtained	   coarse-­‐grain	   RDFs	   are	   compared	   with	   the	   fully	  
atomistic	  RDFs	  ( refP ).	  The	  potential	  for	  the	  next	  step	  ( 1+n )	  is	  equal	  to	  the	  potential	  for	  the	   n step	  plus	  the	  
scaled	   by	   κ the	   difference	   between	   step	   n and	   the	   reference	   atomistic	   simulation	   (equation	   3.36	   -­‐	   3.37).	  
Initially	  κ was	  set	  to	  one	  and	  each	  simulation	  (iteration)	  time	  in	  the	  NVT	  ensemble	  was	  set	  to	  1	  ns.	  At	  each	  
step	  one	  of	  15	  potentials	  was	  refined.	  This	  comes	  from	  the	  fact	  that	  the	  change	  applied	  to	  the	  one	  potential	  
affect	   all	   the	   remaining.	   RDFs	   of	   coarse-­‐grain	   model	   versus	   the	   RDFs	   from	   full	   atomistic	   simulation	   were	  
assessed	  every	  45	  steps	  so	  that	  each	  potential	  was	  refined	  3	  times.	  After	  8000	  iterations	  of	  1	  ns	  where	  coarse-­‐
grain	  RDFs	  were	  close	  enough	  to	  the	  atomistic	  RDFs	  the	  iteration	  step	  was	  increased	  to	  5	  ns	  to	  obtain	  longer	  
period	  of	  sampling	  and	  κ set	  to	  0.5	  due	  to	  the	  under-­‐	  or	  overestimation	  of	  neighbouring	  steps.	  Subsequently,	  
1000	  iterations	  of	  5	  ns	  each	  were	  run	  with	  theκ 	  set	  to	  0.1.	  The	  next	  500	  iterations	  were	  run	  with	  κ equal	  to	  
0.1	  with	  the	  each	  run	  of	  100	  ns.	  The	  final	  step	  involved	  45	  iterations	  of	  500	  ns	  each	  with	  κ 	  of	  0.1.	   In	  total,	  
approximately	  10	  000	  iterations	  were	  run.	  	  
The	   tabulated	   non-­‐bonded	   potentials	   from	   the	   last	   iteration	   step	  were	   the	   input	   for	   the	   production	   run	  
together	  with	  previously	  extracted	  bonded	  tabulated	  potentials	  to	  assess	  all	  non-­‐bonded	  distributions	  (RDFs)	  
in	  comparison	  to	  the	  fully	  atomistic	  simulations.	  In	  the	  Figure	  7.15	  all	  coarse-­‐grain	  RDFs	  obtained	  from	  10	  μs	  
simulation	  with	   tabulated	  bonded	  and	  non-­‐bonded	  potentials	  after	  approximately	  10000	   iterations	  using	   IBI	  
method	  versus	  the	  RDFs	  from	  fully	  atomistic	  simulation	  are	  shown.	  A	  great	  convergence	  was	  reached	  between	  
RDFs	  obtained	  from	  fully	  atomistic	  simulation	  and	  the	  coarse-­‐grained	  model	  using	  tabulated	  potentials.	  Due	  to	  
the	  electrostatics	  included	  within	  non-­‐bonded	  tabulated	  potentials,	  the	  distributions	  with	  basic	  or	  acidic	  beads	  
represented	   the	   lowest	   convergence.	   All	   potentials	   which	   provided	   distributions	   shown	   in	   Figure	   7.15	   are	  
presented	  in	  Figure	  7.16.	  It	  can	  be	  observed	  that	  only	  acidic-­‐nonpolar,	  acidic-­‐basic,	  glycine-­‐nonpolar	  and	  basic-­‐
polar	  interactions	  show	  attractive	  interactions.	  All	  remaining	  provided	  with	  the	  repulsive	  potentials.	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Figure	   7.15.	   Radial	   distribution	   functions	   (RDFs)	   between	   5	   types	   of	   beads	   (polar,	   nonpolar,	   basic,	   acidic,	  
glycine)	  obtained	  from:	  fully	  atomistic	  simulation	  (black)	  at	  300	  K	  and	  the	  coarse-­‐grained	  simulation	  of	  10	  μs	  
after	  10	  000	  of	  iterations	  (red)	  using	  iterative	  Boltzmann	  inversion	  method.	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Figure	   7.16.	   Final	   tabulated	   potentials	   with	   the	   2	   nm	   cut-­‐off	   between	   5	   types	   of	   beads.	   These	   potentials	  
provided	  well	  converged	  radial	  distribution	  functions	  shown	  in	  Figure	  7.15.	  
	  
Due	  to	  the	  fact	  that	  angles	  and	  dihedral	  distributions	  for	  the	  coarse-­‐grain	  model	  were	  calculated	  using	  WCA	  
potential	  for	  non-­‐bonded	  interactions	  the	  bonded	  distributions	  were	  also	  calculated	  in	  order	  to	  ensure	  about	  
their	   validity	   with	   new	   non-­‐bonded	   interaction	   potentials.	   In	   Figure	   7.17	   distributions	   of	   all	   angles	   and	  
dihedrals	   are	   shown	   together	   with	   distributions	   from	   fully	   atomistic	   simulation.	   It	   can	   be	   observed	   that	  
bonded	   distributions	   with	   new	   non-­‐bonded	   potentials	   show	   similar	   agreement	   with	   those	   used	   with	  WCA	  
potential	  in	  the	  Figure	  7.14.	  
	  
	  
	  
Figure	  7.17.	  Distributions	  at	  300K	  of	  A)	  58	  angles	  and	  B)	  57	  dihedral	  angles	  of	  the	  coarse-­‐grained	  model	  with	  
the	  15	  potentials	  (5	  types	  of	  beads:	  polar,	  nonpolar,	  basic,	  acidic,	  glycine)	  after	  10	  μs	  of	  the	  simulation	  versus	  
distributions	  from	  fully	  atomistic	  simulation.	  
	  
	  
Although	  there	  is	  a	  great	  agreement	  between	  the	  coarse-­‐grain	  force	  field	  and	  fully	  atomistic	  simulation	  for	  
the	  both	  bonded	  and	  non-­‐bonded	  distributions	  the	  main	  challenge	  is	  reproduction	  of	  the	  structural	  properties	  
of	   the	   whole	   polypeptide.	   The	   radius	   of	   gyration	   (compactness	   of	   the	   system	   –	  mean	   distances	   of	   central	  
carbon	  atoms	  of	  all	  residues	  with	  respect	  to	  the	  centre	  of	  mass	  of	  the	  whole	  polypeptide	  averaged	  over	  the	  
140 
 
simulation	  time)	  was	  also	  extracted	  from	  the	  coarse-­‐grain	  model	  and	  compare	  to	  the	  fully	  atomistic	  simulation	  
(Figure	   7.18).	   Very	   good	   agreement	  was	   gained	   between	   coarse	   grain	  model	   and	   atomistic	   simulation.	   The	  
developed	  force	  field	  will	  be	  used	  for	  studying	  the	  interactions	  between	  keratin	  IF.	  
	  
	  
Figure	  7.18.	  Distributions	  of	   the	  surrogate	  polypeptide	  gyration	   radius:	  coarse-­‐grain	  model	   (red)	  versus	   fully	  
atomistic	  simulation	  (black).	  
	  
	  
7.4.2.1.	  Representation	  of	  Intermediate	  Filaments	  
	  
	  
The	   goal	   of	   this	  work	   is	   to	   apply	   the	   developed	   force	   field	  with	   5	   types	   of	   beads:	   polar,	   nonpolar,	   basic,	  
acidic	  and	  glycine	  together	  with	  the	  representation	  of	  intermediate	  filaments	  (IFs).	  The	  IF	  diameter,	  length	  and	  
the	  distance	  between	  IFs	  according	  to	  the	  cryo-­‐electron	  microscopy	  by	  Norlen	  et	  al.110	  is	  7.8nm,	  50	  nm	  and	  8.2	  
nm	  respectively.	  In	  order	  to	  build	  a	  realistic	  representation	  of	  the	  IF,	  the	  full	  sequence	  analysis	  of	  the	  coiled-­‐
coil	  part	  of	  keratin	  pair:	  KRT1	  and	  KRT10	  were	  conducted.	  	  All	  helix	  forming	  amino	  acids	  were	  divided	  into	  the	  
CG	   types	   of	   beads:	   polar	   –	   serine,	   threonine,	   tyrosine,	   asparginine,	   glutamine;	   nonpolar	   –	   alanine,	   valine,	  
isoleucine,	   leucine,	   methionine,	   phenylalanine,	   proline,	   cysteine;	   basic	   –	   histidine,	   arginine,	   lysine;	   acidic	   –	  
aspartic	  acid,	  glutamic;	  and	  glycine.	  The	   IF	   consists	  of	  16	  coiled	  coils	   (32	  chains	   in	   total)	   represented	  by	   the	  
KRT1	  (313	  residues)	  and	  KRT10	  (314	  residues)	  pairs.	  The	  sequence	  analysis	  of	  the	  IF	  helixes	  made	  of	  16	  helical	  
rods	   of	   KRT1	   and	   16	   KRT10	   is	   presented	   in	   the	   Table	   7.2	   together	   with	   the	   approximated	   model	   which	  
represents	  ¼	   in	   length	   (12.5	  nm)	  of	   the	  real	   (50	  nm)	   IF.	  For	   the	  productions	  runs	   to	  save	  the	  computational	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time	  the	  ¼	  IF	  representation	  will	  be	  copied	  across	  periodic	  boundary	  conditions	  to	  mimic	  infinite	  in	  length	  IF.	  
The	  diameter	  of	  the	  IF	  model	  was	  conserved	  according	  to	  experimental	  data	  being	  set	  to	  7.8	  nm.	  With	  known	  
dimensions	  of	  the	  IF	  and	  its	  surface	  area	  as	  well	  as	  its	  overall	  charge	  of	  -­‐544	  the	  surface	  charge	  density	  is	  equal	  
to:	  -­‐0.443e/nm2.	  In	  the	  IF	  ¼	  model	  representation	  conserving	  similar	  contribution	  of	  different	  types	  of	  beads	  
the	  charge	  density	  is	  nearly	  identical	  and	  equal	  to	  -­‐0.444e/nm2.	  	  
	  
Table	  7.2.	  Amino	  acid	  composition	  of	   the	  real	   intermediate	   filament	   (50	  nm	  in	   length)	  made	  of	  KRT1/KRT10	  
pair	  and	  its	  approximated	  model	  (1/4	  in	  length)	  which	  will	  be	  used	  in	  simulations.	  
	  
Amino	  acid	  type	  
Intermediate	  Filament	  
(50	  nm	  in	  length)	  	  
–	  10	  032	  residues	  
Intermediate	  Filament	  
	  ¼	  model	  (12.5	  nm	  in	  length)	  	  
–	  2516	  residues	  
Polar	   1344	   338	  
Nonpolar	   1888	   471	  
Basic	   3184	   799	  
Acidic	   3376	   848	  
Glycine	   240	   60	  
	  
	  
In	  order	  to	  obtain	  the	  closest	  number	  of	  atoms	  in	  the	  ¼	  IF	  representation	  (2508	  =	  0.25	  of	  the	  whole	  IF	  of	  10	  
032)	  of	  the	  real	  IF,	  it	  is	  represented	  by	  the	  tube	  of	  68	  line	  chains	  with	  37	  residues.	  That	  provides	  2516	  residues	  
in	  total.	  The	  coiled-­‐coil	  sequence	  is	  known	  to	  possess	  heptad	  repeats	  “abcdefg”.	  Hence,	  conserving	  the	  heptad	  
repeats	  in	  each	  of	  68	  strands	  of	  37	  residues	  and	  placing	  uniformly	  remaining	  residues	  the	  approximation	  of	  the	  
IF	   is	   built.	   In	   Figure	   7.19	   the	   ¼	   of	   the	   IF	  model	   is	   shown.	   The	   cuff	   off	   distance	   (2	   nm)	   in	   the	   non-­‐bonded	  
tabulated	  potentials	  enabled	  leaving	  the	  inside	  of	  the	  IF	  model	  empty.	  
	  
Figure	  7.19.	  The	  representation	  of	  the	  intermediate	  filament	  (12.5	  nm	  in	  length)	  with	  5	  types	  of	  beads:	  acidic	  –	  
red,	  basic	  –	  blue,	  glycine	  –	  green,	  polar	  –	  grey,	  nonpolar	  –	  orange.	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7.4.2.2.	  Grafting	  Terminals	  on	  the	  Intermediate	  Filament	  Surface	  
	  
	  
With	   known	   potentials	   for	   angles	   (3	   consecutive	   beads),	   dihedrals	   (4	   consecutive	   beads)	   in	   60	   residues	  
polypeptide	  the	  real	  sequence	  of	  keratin	  “tails”	  and	  “heads”	  which	  will	  be	  grafted	  onto	  the	  keratin	  IF	  surface	  
need	  to	  approximated.	  Below	  the	  approximation	  of	  all	  terminals	  is	  presented	  together	  with	  the	  real	  sequence	  
of	   each	   of	   terminals	   with	   5	   types	   of	   beads:	   A-­‐Acidic,	   B-­‐Basic,	   G-­‐glycine,	   P-­‐Polar,	   N-­‐Nonpolar.	   The	   main	  
challenge	  was	  to	  conserve	  the	  total	  number	  amino	  acids	  the	  number	  of	  given	  amino	  acid	  type,	  glycine	  repeats	  
in	  the	  middle	  of	  each	  chain	  as	  well	  as	  basic	  and	  acidic	  residues	  on	  terminal	  endings.	  
	  
1. K10	  –	  N	  terminal	  (146	  residues):	  
	  
• Real	  sequence:	  	  
BPNBPPPPBBPPPPBPGGGGGGGGNGGGGGNPPNBNPPPBGPNGGGNPPGGNPGGPNPBGPPGGGNNGGPPGGPGGN
GGNGGGPNBGPPGPPPNGGPPGGPNGGGPNGGGPNGGGPNGGGGNGGGGNGGGNGGGNGGAGGNNPGPA	  
	  
Number	  of	  amino	  acids:	  Acidic:	  2,	  Basic:	  9,	  Polar:	  40,	  Glycine:	  70,	  Nonpolar:	  25	  	  
	  
• Approximated	  sequence	  with	  known	  angles/dihedral	  angles:	  	  
BPNBPPPPBBPPPPBPGGGPNGGGPNGGGGGGPBPPPPPPPBPGGGPNNGGGPNGGGGPBPGGGPNGGGPNNGGGPN
NGGGPBPGGGPNGGGPNNGGGGPNNGGGPNGGGPNGGGPNGGGGNGGGGNGGGNGGGNGGAGGNNPGPA	  
	  
Number	  of	  amino	  acids:	  Acidic:	  2,	  Basic:	  9,	  Polar:	  38,	  Glycine:	  72,	  Nonpolar:	  25	  
	  
	  
	  
	  
2. K1	  –	  N	  terminal	  (180	  residues):	  
	  
• Real	  sequence:	  
BPBPNPPBPGPBPGGGNPPGPNGNNPPPBBPPPPPPBBPGGGGGBNPPNGGGGGPNGNGGGNGPBPNNPNGGP.BPNP
NPNNBG.GGBGPGNGGGPGGGGNGGGGNGGGGNGGGGNGGGGNGGNGPGGGGNGGGGNGGGGPGGGPGNNNNN
GGNPANPNPPPNNPN.NPNANANANPBNBPBA	  
	  
Number	  of	  amino	  acids:	  Acidic:	  5,	  Basic:	  16,	  Polar:	  44,	  Glycine:	  72,	  Nonpolar:	  43	  
	  
• Approximated	  sequence	  with	  known	  angles/dihedral	  angles:	  	  
BPNBPPPBPPPBPGGGPNNGGGPBPPPBBPPPBPGGGPBPGGGGNNPGPNNGGGGPBPPPBPGGGPNNGGGPNNGGG
GPBPPP)BPGGGNNPGPNNGGGNNPGPNNGGGNNPGPNNGGGNNPGPNNGGGNNPGPNNGGGPNNGGAGGNGGA
GGNGGAGGNGGGPBPGGGPBPGGGPNNGGA	  
	  
Number	  of	  amino	  acids:	  Acidic:	  4,	  Basic:	  15,	  Polar:	  49,	  Glycine:	  74,	  Nonpolar:	  38	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3. K10	  –	  C	  terminal	  (124	  residues):	  
	  
• Real	  sequence:	  	  
GGGBGGGPNGGGPGGGPPGGGPPGGGBGGGBGGPPGGGPGGGPPGGGPPGGGPGGGPPPGGBGGPPPGGPGGGPPG
GGGGGPGGGPPGGGPPPGGGPGGGPPPGGBBPPP	  PGPNGAPPPBGNBB	  
	  
Number	  of	  amino	  acids:	  Acidic:	  1,	  Basic:	  9,	  Polar:	  41,	  Glycine:	  70,	  Nonpolar:	  25	  	  
	  
• Approximated	  sequence	  with	  known	  angles/dihedral	  angles:	  
GGGPBPGGGPNGGGPNGGGPNGGGPBPGGGPBPGGGPNGGGPNGGGPNGGGPNGGGGPBPGGGGGGGPNGGGPN
GGGGGGPNGGGPNGGGPNGGGPBPPPBPGGGNGGAGGNNPGGGPBPPPBB	  
	  
Number	  of	  amino	  acids:	  Acidic:	  1,	  Basic:	  9,	  Polar:	  30,	  Glycine:	  69,	  Nonpolar:	  15	  
	  
4. K1	  –	  C	  terminal	  (151	  residues):	  
	  
• Real	  sequence:	  	  
PGANNNPNPNPNPPPBPPNPGGGPBGGGGGGPGPGGPPPGPGGGPPGPGGGGGGGBGPPGPGGPPPGPGGGPPGPGG
GGGGBGPPGPGPPPGGPBGGPGGGGGGPPGGBGPGGGPPGGPNGGBGPPPGGNBPPGGPPPNBNNPPPPPGNPB	  
	  
Number	  of	  amino	  acids:	  Acidic:	  1,	  Basic:	  10,	  Polar:	  58,	  Glycine:	  69,	  Nonpolar:	  13	  
	  
• Approximated	  sequence	  with	  known	  angles/dihedral	  angles:	  
APGPNGGGGNNPGPNNGGGPBPPPPPBPGGGPNGGGGGGGGPNGGGPNGGGGGGGGGPBPGGGGGPNGGGPNGGG
PBPPPPPPPPPPBPGGGPNGGGPNGGGPBPGGGPNGGGPBPPPPPBPGGGGGNNPGGGPNGGGPBPPPPPPPPPPB	  
	  
Number	  of	  amino	  acids:	  Acidic:	  1,	  Basic:	  10,	  Polar:	  55,	  Glycine:	  69,	  Nonpolar:	  16	  
	  
	  
	  
One	  keratin	  IF	  of	  50	  nm	  consists	  of	  32	  chains	  which	  gives	  64	  terminals	  sticking	  out	  from	  the	  surface.	  With	  ¼	  
representation	  of	  keratin	  I,	  that	  provides	  8	  grafted	  “tails”	  and	  8	  “heads”	  (16	  terminals).	  Coiled	  coil	  is	  built	  up	  of	  
two	  parallel	  KRT1/KRT10	  monomers	  while	  tetramers	  (2	  coiled	  coils)	  by	  the	  anti-­‐parallel	  arrangement.	   In	  that	  
case,	   two	  N	   terminals	   of	   KRT1/KR10	   are	   grafted	   next	   to	   each	   other.	   That	   approach	   is	   also	   taken	   for	   two	   C	  
terminals	  which	  stick	  on	  the	  same	  chain	  of	  the	  IF.	  All	  16	  terminals	  with	  the	  initial	  line	  chain	  conformation	  were	  
uniformly	   grafted	   on	   the	   keratin	   IF	   surface	  which	   is	   presented	   in	   Figure	   7.20.	   The	   box	   length	   in	   the	   Z	   axis	  
corresponds	  to	  the	  length	  of	  the	  keratin	  IF	  (12.5	  nm)	  being	  copied	  across	  periodic	  boundary	  conditions.	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Figure	  7.20.	  Representation	  of	  the	  intermediate	  filament	  with	  grafted	  terminals	  in	  two	  axial	  projections	  along	  
its:	  A)	  diameter	  and	  B)	  length.	  Acidic	  –	  red,	  basic	  –	  blue,	  glycine	  –	  green,	  polar	  –	  grey,	  nonpolar	  –	  orange.	  
	  
	  
7.4.2.3.	  The	  Application	  of	  the	  Force	  Field	  
	  
Starting	   from	   the	   conformation	   presented	   in	   Figure	   7.20	   the	   simulation	  was	   run	   using	   position	   restraint	  
dynamics	  for	  the	  keratin	  IF	  beads.	  The	  position	  of	  each	  terminal	  bead	  being	  the	  closest	  to	  the	  IF	  surface	  was	  
also	   restraint.	   The	   low	   force	   constant	   of	   120	   kcal	   mol-­‐1	   nm-­‐2	   was	   used	   in	   the	   harmonic	   position	   restraint	  
dynamic	   to	   reach	   realistic	   flexibility	   of	   the	   system.	   Simulation	   was	   run	   using	   8	   fs	   time	   step	   within	   NVT	  
ensemble	  for	  4.2	  μs	  at	  300K.	  
The	   immediate	  adsorption	  of	  the	  all	   terminals	  was	  observed	  after	  5	  ns.	   In	  Figure	  7.21	  the	  snapshots	   from	  
the	  simulation	  are	  shown:	  initial	  and	  final	  configuration.	  The	  blue	  colour	  corresponds	  to	  the	  IF	  and	  red	  colour	  
to	  the	  grafted	  terminals.	  Keratin	  “heads”	  and	  “tails”	  remained	  mainly	  within	  the	  IF	  surface	  forming	  loops	  due	  
to	  the	  interactions	  between	  basic	  residues	  at	  the	  end	  of	  each	  terminals	  and	  acidic	  IF	  surface	  area.	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Figure	  7.21.	  The	  Initial	  and	  the	  final	  conformation	  of	  the	  intermediate	  filament	  (blue)	  with	  grafted	  chains	  (red).	  
After	  5	  ns	  the	  rapid	  adsorption	  of	  terminals	  was	  observed	  with	  formed	  loops.	  
	  
	  
Radial	  distribution	  functions	  (RDFs)	  of	  terminals	  were	  calculated	  over	  last	  500	  ns	  -­‐	  the	  number	  of	  atoms	  at	  
given	  distance	  away	   from	  the	   IF	   surface	   in	   two	  dimensions	  –	  XY	  axis	   (Z	  axis	   correspond	   to	   the	   IF	   length).	   In	  
Figure	  7.22	  the	  RDFs	  are	  presented	  for:	  N	  and	  C;	  N+C;	  N1,	  C1,	  N10,	  C10	  as	  well	  as	  each	  terminal	  basic	  residues	  
of	  N	  and	  C	  which	  are	  present	  at	  the	  end	  of	  each	  terminal	  close	  to	  the	  bulk.	  All	  RDF	  results	  are	  compared	  to	  
Akinshina	   et	   al102	   SCF	   theory	   model	   for	   the	   same	   system	   (AA	   –	   all	   atoms)	   where	   the	   amino	   acids	   volume	  
fraction	  versus	  the	  distance	  was	  calculated	  (Figure	  7.23).	  Distributions	  in	  both	  cases	  (coarse-­‐grain	  model	  and	  
Akinshina	  et	  al.)	  show	  maxima	  close	  to	  the	  surface.	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Figure	  7.22.	  Radial	  distribution	   functions	   (RDFs)	  as	   the	  “heads”	  and	  “tails”	  number	  of	  atoms	  away	   from	  the	  
intermediate	   filament	   surface	   in	   two	  dimensions	   –	   XY	   components	   averaged	  over	  NVT	   simulation	   at	   300	  K.	  
RDFs	   correspond	   to	   distribution	   of	   terminals	   residues:	   A)	   Basic	   of	   N	   and	   C	   terminal;	   B)	   N1,	   C1,	   N10,	   C10	  
terminals;	  C)	  N1+N10	  terminal	  and	  C1+C10	  terminal;	  D)	  N+C	  terminals.	  
	  
	  
	  
Figure	  7.23.	  Results	  by	  Akinshina	  et	  al102:	  Volume	  fractions	  of	   residues	  away	  from	  the	   intermediate	   filament	  
surface:	  A)	  Basic	  of	  N	  and	  C	  terminal;	  B)	  N1,	  C1,	  N10,	  C10	  terminals;	  C)	  N1+N10	  terminal	  and	  C1+C10	  terminal;	  
D)	  N+C	  terminals.	  Results	  from	  the	  coarse-­‐grain	  model	  can	  be	  compared	  to	  all	  atom	  model	  (AA)	  in	  this	  figure.	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RDFs	  of	  the	  coarse-­‐grain	  model	  show	  that	  the	  highest	  number	  of	  atoms	  belonging	  to	  the	  N	  and	  C	  terminals	  
remained	   close	   to	   the	   intermediate	   filament	   surface.	   Basic	   residues	   which	   are	   placed	   at	   the	   end	   of	   each	  
terminal	   (in	   the	  bulk)	  had	   the	  highest	  distribution	  close	   to	   the	  oppositely	   charged	  surface.	  Hence,	   terminals	  
form	  loops	  (Figure	  7.21	  B)	  and	  are	  able	  to	  bridge	   interactions	  with	  possible	  another	  surface	  of	   the	   IF.	  Those	  
results	  are	  with	  agreement	  to	  the	  SCF	  model	  (Figure	  7.23).	  It	  was	  also	  observed	  that	  N	  and	  C	  terminals	  have	  
distributions	   which	   are	   similarly	   narrowed,	   although	   the	   N	   terminals	   have	   slightly	   higher	   propensity	   (in	  
comparison	  to	  C	  terminal)	  for	  being	  further	  away	  from	  the	  surface.	  
The	  final	  configuration	  at	  10	  μs	  of	  the	  IF	  with	  adsorbed	  “heads”	  and	  “tails”	  was	  used	  and	  copied	  as	  an	  input	  
for	   studying	   interaction	   between	   keratin	   IFs.	   In	   the	   Figure	   7.24	   the	   initial	   configuration	   for	   the	   simulation	  
involving	  7	  IFs	  with	  grafted,	  adsorbed	  chains	  is	  presented.	  With	  the	  same	  simulation	  settings	  as	  for	  one	  IF	  the	  
simulation	  was	  run	  for	  10	  μs.	  
	  
Figure	  7.24.	  Initial	  configuration	  for	  the	  simulation	  of	  studying	  interactions	  between	  keratin	  filaments	  (glycine	  
–	  green,	  polar	  –	  grey,	  nonpolar	  –	  orange,	  acidic	  –	  red,	  basic	  –	  blue).	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It	  was	  observed	  over	  the	  simulation	  time	  that	  terminals	  remained	  mainly	  within	  each	  keratin	  IF	  surface	  to	  
which	  they	  were	  attached.	  To	  assess	  the	  distributions	  of	  keratin	  N	  and	  C	  terminals	  grafted	  to	  IF	  surface,	  RDFs	  
in	  the	  identical	  way	  over	  last	  500	  ns	  for	  the	  central	  filament	  and	  its	  grafted	  chains	  were	  calculated.	  In	  Figure	  
7.25	  RDFs	  of	  basic	  residues	  as	  well	  as	  two	  N	  and	  two	  C	  terminals	  away	  from	  the	  keratin	  IF	  surface	  are	  shown.	  It	  
is	  observed	  that	  the	  presence	  of	  other	  IFs	  provided	  slightly	  wider	  distributions	  (in	  both	  basic	  residues	  and	  all	  C	  
and	  N	  terminals	  residues)	  in	  comparison	  to	  the	  single	  IF.	  That	  means	  that	  terminals	  of	  one	  IF	  can	  interact	  with	  
terminals	  of	  another	  IF.	  
	  
	  
Figure	  7.25.	   Radial	  distribution	   functions	   (number	  of	   atoms	  away	   from	   the	   intermediate	   filament	   surface	   in	  
two	  dimensions	  –	  XY	  components)	  obtained	  from	  NVT	  simulation	  at	  300	  K	  of	  terminals	  residues	  in	  the	  system	  
of	  7	  intermediate	  filaments	  (each	  with	  16	  terminals).	  RDFs	  correspond	  to	  distribution	  of	  terminal	  residues	  of	  
the	  central	  IF	  and	  its	  grafted	  chains:	  A)	  Basic	  of	  N	  and	  C	  terminal;	  B)	  N1+N10	  terminal	  and	  C1+C10	  terminal.	  
	  
	  
	  
7.4.2.4.	  The	  Role	  of	  Natural	  Moisturizing	  Factor	  
	  
Akinshina	  et	  al.	  102	  provided	  the	  analysis	  of	  the	  NMF	  composition	  on	  terms	  of:	  polar,	  nonpolar,	  basic,	  acidic	  
and	   glycine	   residues.	   In	   Table	   7.3	   the	   composition	   of	   NMF	   solution	   of	   the	   corneocytes	   in	   which	   keratin	   is	  
embedded	  is	  presented.	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Table	   7.3.	  The	   composition	   of	   natural	  moisturizing	   factor	  mixture	   in	   terms	   of	   acidic,	   basic,	   polar,	   nonpolar,	  
glycine	  and	  water	  mass	  concentrations.	  
	  
Molecule	  Type	   Mass	  Concentration	  [%]	  
Acidic	   11.2	  
Basic	   11.2	  
Polar	   13.2	  
Nonpolar	   25.5	  
Glycine	   10.5	  
Water	   27.9	  
	  
	  
With	  this	  information	  the	  assessment	  of	  the	  given	  type	  of	  bead	  belonging	  to	  the	  NMF	  solution	  was	  gradually	  
performed.	   Similarly	   the	   results	   are	   presented	   as	   RDFs	   of	   terminals	   away	   from	   the	   IF	   surface.	   The	   system	  
involved	   one	   IF	   model	   with	   grafted	   16	   terminals,	   which	   was	   placed	   in	   the	   centre	   of	   the	   rectangular	   box:	  
25x25x12.5	  nm.	  The	  first	  system	  corresponded	  to	  (in	  addition	  to	  IF	  with	  grafted	  chains)	  uniformly	  and	  freely	  
placed	  11.2%	  of	  acidic	  and	  11.2%	  of	  basic	  mass	  concentration	  of	  beads.	  The	  second	  system	  in	  addition	  to	  the	  
first	   one	   corresponded	   to	   additionally	   placed	  13.2%	  mass	   concentration	  of	   polar	   beads.	   In	   the	   third	   system	  
25.5%	  of	   the	  nonpolar	  beads	  were	  added	  and	   the	   fourth	  system	  corresponded	   to	   the	   full	  NMF	  composition	  
(additional	  10.5%	  of	  glycine).	  All	  four	  systems	  were	  run	  for	  10	  μs.	  The	  influence	  of	  adding	  given	  type	  of	  NMF	  
solution	  bead	  can	  be	  assessed	  as	  RDFs	  of	  terminals	  away	  from	  the	  IF	  surface	  in	  XY	  components	  (Figure	  7.26).	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Figure	  7.26.	  Radial	  distribution	  functions	  of	  (number	  of	  atoms	  away	  from	  the	  intermediate	  filament	  surface	  in	  
two	   dimensions	   –	   XY	   components)	   obtained	   from	  NVT	   simulation	   at	   300	   K	   of	   all	   terminals	   residues	   in	   the	  
system	  of	  1	   intermediate	   filament	  with	  16	   terminals	   attached:	  black	  –	  without	  NMF,	   red	  –	  with	  addition	  of	  
acidic	  and	  basic	  beads	  of	  NMF,	  green	  –	  with	  addition	  of	  extra	  NMF	  polar	  beads,	  blue	  –	  with	  addition	  of	  extra	  
NMF	  nonpolar	  beads,	  yellow	  –	  with	  full	  composition	  of	  NMF.	  
	  
	  
It	  can	  be	  observed	  that	  the	  addition	  of	  acidic,	  basic	  and	  polar	  beads	  of	  the	  NMF	  mixture	  slightly	  influenced	  
the	  distribution	  of	  grafted	  chains	  which	  were	  mainly	  placed	  within	  keratin	  IF	  surface.	  However,	  the	  addition	  of	  
nonpolar	   and	   finally	   glycine	   beads	   (full	   NMF	  mixture)	   provided	  much	  wider	   distributions	   of	   terminals	   away	  
from	  the	  surface.	  It	  is	  concluded	  that	  the	  NMF	  role	  is	  to	  prevent	  the	  attractive	  forces	  between	  keratin	  IFs	  due	  
to	  the	  exposure	  of	  terminals	  to	  the	  water	  solution.	  In	  that	  case	  terminals	  of	  one	  IF	  can	  interact	  with	  opposite	  
IFs	   and	   its	   grafted	   chains	  mediating	   interactions	   and	   preventing	   the	   attraction	   between	   keratin	   bundles.	   In	  
comparison,	  without	  NMF	  terminals	  which	  remain	  within	  IF	  surface	  cause	  their	  collapse	  and	  thus	  provide	  low	  
elastic	  properties	  of	  the	  human	  outermost	  skin	  layer.	  The	  addition	  of	  glycine	  in	  the	  NMF	  solution	  provided	  the	  
greatest	  recovery	  of	  terminals.	  That	  confirms	  Jokura	  et	  al.22	  experimental	  findings	  where	  glycine	  was	  observed	  
to	  have	  the	  highest	  influence	  on	  the	  skin	  elasticity.	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7.5.	  Conclusion	  
	  
For	  the	  first	  time	  in	  this	  work,	  the	  coarse-­‐grained	  force	  field	  development	  and	  its	  application	  for	  the	  most	  
abundant	   stratum	   corneum	   keratin	   pair:	   KRT1/KR10	   has	   been	   conducted.	   For	   this	   purpose,	   initially	   the	  
sequence	  of	  the	  representative	  terminal	  was	  chosen	  and	  a	  long	  full	  atomistic	  simulation	  with	  explicit	  solvent	  
of	   2.1	   μs	   was	   performed	   using	   temperature	   annealing.	   That	   ensured	   that	   all	   possible	   energy	   states	   are	  
explored.	   Trajectory	   was	   divided	   into	   two	   parts	   until	   both	   represented	   similar	   structural	   properties.	   The	  
distribution	   of	   the	   protein:	   gyration	   radius,	   hydrophobic	   solvent	   accessible	   surface	   area,	   root	  mean	   square	  
fluctuation	  of	  central	  carbon	  atoms,	  end	  to	  end	  distance	  of	  terminal	  residues	  as	  well	  as	  mean	  distances	  map	  of	  
each	  residue	  with	  respect	  to	  all	  residues	  were	  generated	  for	  both	  parts	  reaching	  excellent	  convergence.	  The	  
coarse-­‐grain	  force	  field	  was	  aimed	  to	  include	  explicit	  water	  model	  and	  electrostatics	  in	  tabulated	  potentials	  as	  
well	  as	  5	  relevant	  types	  of	  beads	  (residues):	  polar,	  nonpolar,	  basic,	  acidic	  and	  glycine.	  Bonds	  were	  constraints	  
to	  the	  Cα	  -­‐	  Cα	  distance	  (0.38	  nm).	  Angles	  and	  dihedral	  angles	  between	  3	  and	  4	  consecutive	  atoms	  respectively	  
were	  reproduced	  by	  Boltzmann	  inversion	  method	  and	  with	  applied	  fully	  repulsive	  non-­‐bonded	  potential	  (WCA)	  
by	   10	   μs	   of	   the	   simulation.	   The	   next	   step	   involved	   reproduction	   of	   non-­‐bonded	   potentials	   and	   the	   great	  
agreement	   between	   atomistic	   RDFs	   and	   coarse-­‐grain	   simulation	   was	   reached	   after	   10	   000	   iterations	   using	  
iterative	   Boltzmann	   inversion	  method.	   The	   radius	   of	   gyration	   within	   coarser	   representation	   reproduced	   all	  
atom	  simulation	  very	  well.	  	  
First	   the	   developed	   force	   field	  was	   applied	   to	   the	   system	   lacking	   natural	  moisturizing	   factor	   (NMF).	   This	  
involved	  two	  systems:	  with	  one	  IF	  and	  with	  seven	  IFs	  (all	  with	  attached	  16	  terminals).	  It	  was	  observed	  in	  both	  
cases	   that	   terminals	   mainly	   remained	   within	   keratin	   IF	   surfaces	   without	   possibility	   of	   interaction	   in	   the	  
opposite	   keratin	  bundle.	   That	   system	   lacks	   in	   elastic	   properties	   between	   keratin	  bundles	  which	  presumably	  
would	  collapse.	   It	  was	  also	  observed	  that	  grafted	  terminals	   form	  loops	  due	  to	  presence	  of	   	  basic	  residues	  at	  
the	  end	  of	  each	  chain	  which	  is	  in	  the	  agreement	  of	  Akinshina	  et	  al.102	  SCF	  model.	  	  
Secondly,	  the	  NMF	  solution	  was	  gradually	  added	  to	  the	  system	  of	  one	  IF	  with	  grafted	  16	  terminals.	   It	  was	  
observed	   that	   addition	   of	   acidic,	   basic	   and	   polar	   residues	   did	   not	   provide	   the	   recovery	   for	   distributions	   of	  
terminals	  which	  were	  mainly	  within	  the	  keratin	  IF	  surface.	  The	  addition	  of	  nonpolar	  and	  glycine	  beads	  of	  the	  
NMF	   solution	   provided	   much	   wider	   distributions	   of	   terminals.	   That	   shows	   their	   possible	   interactions	   with	  
opposite	   IF	   surface	  and	   its	   grafted	   chains	  which	  provides	   the	   recovery	  of	   the	   skin	  elasticity.	   This	   result	   is	   in	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agreement	  with	  Jokura	  et	  al.22	  experimental	  study	  where	  glycine	  was	  responsible	   for	   lowering	  the	  attractive	  
forces	  between	  keratin	  IFs.	  	  
Finally,	   the	   experimental	   validation	   by	   circular	   dichroism	   (CD)	   was	   provided	   by	   Dr	   Alfonso	   De	   Simone	  
(Appendix	   III)	  on	   the	  synthesized	  60	  residues	  surrogate.	   It	  was	  observed	  that	   the	  surrogate	  does	  not	  exhibit	  
any	  secondary	  structure	  which	  is	  in	  agreement	  with	  all	  atom	  and	  CG	  simulation.	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CHAPER	  VIII	  
	  
Conclusions	  and	  Future	  Perspectives	  
	  
	  
	  
	  
8.1. Overall	  conclusions	  
	  
	  
Today,	  computational	  chemistry	  plays	  a	  crucial	  role	  in	  predicting	  thermodynamic	  and	  structural	  properties	  
in	   most	   industrial	   branches.	   The	   importance	   of	   molecular	   simulations	   is	   significantly	   increasing	   due	   to	   the	  
gained	   agreement	  with	   experimental	   data.	   For	   instance,	   the	   application	  of	  molecular	   dynamics	   (MD)	   in	   the	  
development	  of	  personal	  care	  products	  as	  well	  new	  medicines	  in	  pharmaceutical	  industry	  provide	  much	  faster	  
technique	   of	   lower	   costs	   with	   much	   detailed	   insight	   in	   comparison	   to	   experimental	   methods.	   MD	   is	   a	  
computational	   method	   which	   enables	   observing	   the	   movement	   of	   atoms	   with	   atomistic	   details.	   It	   is	   an	  
excellent	  tool	  for	  studying	  e.g.	  small	  active	  molecules	  with	  beneficial	  influence	  which	  are	  used	  in	  skin	  and	  hair	  
care	  products	  interacting	  with	  human	  biosubstrate	  (keratin).	  The	  binding	  sites	  with	  the	  highest	  affinity	  as	  well	  
as	   structural	   changes	   of	   protein-­‐ligand	   interactions	   can	   be	   assessed	  within	   atomistic	   details	   using	  MD.	   The	  
binding	  affinity	  of	  small	  molecules	  to	  proteins	  is	  determined	  by	  the	  binding	  free	  energy	  difference.	  The	  latter	  
one	   provides	   the	   binding	   constant	   which	   enables	   extracting	   the	   equilibrium	   concentration	   of	   free	   ligand,	  
protein	   and	   protein-­‐ligand	   complex.	   That	   is	   the	   crucial	   information	   for	   industry	   which	   further	   enables	  
developing	  new	  products.	  MD	  enables	  extracting	  equilibrium	  thermodynamic	  properties	  of	  the	  studied	  system	  
e.g.	   binding	   free	   energy	   in	   a	   less	   expensive	   way	   in	   comparison	   to	   experiment.	   However,	   MD	   has	   also	   its	  
limitations	  -­‐	  the	  achievable	  time	  scales	  and	  thus	  the	  size	  of	  the	  studied	  systems.	  That	  arises	  from	  the	  available	  
computational	  resources.	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In	  this	  thesis	  MD	  simulations	  were	  employed	  in	  order	  to	  provide	  better	  understanding	  of	  the	  experimental	  
results	   conducted	   in	   parallel	   (Dr	   Yanyan	   Zhao,	   China	   Agricultural	   University).	   In	   addition	   the	   aim	   was	   to	  
overcome	  the	  main	  limiting	  factor	  of	  MD	  –	  the	  simulation	  time.	  For	  this	  purpose	  by	  the	  use	  of	  MD	  simulation	  
framewrork,	   thermodynamic	   and	   detailed	   structural	   basis	   have	   been	   delivered	   for	   small	   molecules	   with	  
significantly	  varying	  properties	  interacting	  with	  keratin.	  MD	  results	  explained	  and	  validated	  experimental	  data	  
extremely	  well.	  On	  the	  top	  of	  this,	  a	  fast	  free	  energy	  prediction	  tool	  has	  been	  built	  within	  all	  atom	  force	  field	  
by	  a	  use	  of	   steered	  molecular	  dynamics	   (SMD)	  alone.	  Within	   the	  coarse	  grain	  approach,	   the	   force	   field	  was	  
developed	   and	   applied	   for	   studying	   elastic	   properties	   of	   human	   skin.	   The	   force	   field	   enables	   orders	   of	  
magnitude	  faster	  than	  all	  atom	  force	  fields	  simulations.	  	  
In	  particular	  the	  following	  achievements	  have	  been	  gained	  within	  MD:	  
	  
1. Detailed	  Explanation	  and	  Validation	  of	  Experimental	  Results	  	  
	  
a) Keratin	  –EGCG	  Interactions	  
Dr	  Yanyan	  Zhao	  by	  the	  use	  ultrafiltration	  experiment	  observed	  the	  multilayer	  isotherm	  which	  described	  the	  
interactions	   of	   EGCG	   molecules	   with	   keratin.	   The	   experimental	   free	   energy	   obtained	   within	   isothermal	  
titration	  calorimetry	  (ITC)	  at	  298K	  corresponded	  to	  ΔGITC=	  -­‐6.37	  kcal	  mol
-­‐1.	  	  
Within	   MD	   the	   hydrophobic	   collapse	   followed	   by	   hydrogen	   bonding	   and	   often	   aromatic	   stacking	   were	  
observed	  to	  be	  the	  governing	  interactions.	  EGCG	  molecules	  were	  shown	  to	  possess	  the	  highest	  binding	  affinity	  
towards	   acidic	   residues.	   The	  multilayer	   assembly	   of	   EGCG	  molecules	   on	   the	   keratin	   surface	  was	   confirmed	  
within	  MD.	  In	  addition,	  the	  binding	  affinity	  was	  observed	  to	  decrease	  with	  the	  temperature	  increase.	  Although	  
in	  the	  free	  energy	  calculations	  the	  only	  one	  reaction	  coordinate	  (distance	  perpendicular	  to	  the	  helical	  axis)	  was	  
studied	  a	  good	  agreement	  between	  experiment	  and	  simulations	  was	  gained.	  The	  binding	  free	  energy	  at	  298K	  
using	   MD	   was	   ΔGMD=	   -­‐6.20	   kcal	   mol
-­‐1.	   The	   linear	   correlation	   between	   the	   binding	   free	   energy	   and	   the	  
maximum	  pulling	  force	  obtained	  from	  short	  pulling	  simulations	  was	  observed.	  It	  was	  concluded	  that	  based	  on	  
this	  correlation	   it	  might	  be	  possible	   to	  use	  SMD	  alone	   for	  predicting	   the	  binding	   free	  energy	   for	  other	  small	  
molecules	  binding	  helical	  motifs	  in	  orders	  of	  magnitude	  faster	  time	  than	  free	  energy	  methods	  within	  MD.	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b) Keratin	  –	  Fe2+	  Complex	  	  
Dr	  Yanyan	  Zhao	  using	  ITC	  method	  obtained	  the	  binding	  free	  energy	  at	  three	  different	  temperatures	  (ΔGITC298	  
=-­‐7.43	  kcal	  mol-­‐1,	  ΔGITC308	  =-­‐7.69	  kcal	  mol
-­‐1,	  ΔGITC318	  =-­‐8.00	  kcal	  mol
-­‐1	  )	  for	  ferrous	  ion	  interacting	  with	  keratin.	  
The	  data	  was	  best	  fitted	  by	  the	  “one	  set	  of	  identical	  binding	  site”	  model	  and	  a	  significant	  entropic	  contribution	  
was	  observed.	  
In	   MD	   simulations	   the	   nonbonded	   model	   with	   Lennard-­‐Jones	   potential	   for	   iron	   (II)	   ion	   was	   tested.	   It	  
appeared	  that	   the	  simplest	  nonbonded	  model	  provided	  a	  surprising	  great	  agreement	  between	  experimental	  
free	  energies	  and	  those	  obtained	  by	  simulations.	  MD	  simulations	  explained	  the	  entropic	  contribution	  in	  terms	  
of	  the	  displacement	  of	  water	  molecules	  on	  the	  protein	  surface.	  The	  only	  one	  stable	  conformation	  was	  shown	  
to	  be	  the	  acidic	  pocket	  providing	  the	  insight	  into	  the	  one	  binding	  site	  used	  in	  ITC	  data.	  Binding	  free	  energies	  at	  
three	  temperatures	  agreed	  within	  the	  3%	  error	  to	  the	  experimental	  data	  (ΔGMD298	  =-­‐7.20	  kcal	  mol
-­‐1,	  ΔGMD308	  =-­‐
7.60	  kcal	  mol-­‐1,	  ΔGMD318	  =-­‐7.90	  kcal	  mol
-­‐1).	  	  
	  
2. Overcoming	  the	  Time	  Scales	  Limitation	  of	  MD	  
	  
a) Ligand	  –	  α-­‐Helix	  Fast	  Free	  Energy	  Predictions	  
The	  fast	  free	  energy	  method	  based	  on	  couple	  of	  SMD	  simulations:	  linear	  correlation	  of	  the	  rupture	  
force	   versus	   the	   free	   energy,	   developed	   for	   the	   keratin-­‐EGCG	   system	  was	   tested	   for	   other	   small	  
molecules	  with	  significantly	  varying	  properties.	  It	  was	  shown	  that	  this	  correlation	  work	  very	  well	  for	  
molecules	  with	  -­‐1.721	  <	  logP	  <	  2.08	  and	  those	  with	  overall	  charge	  of	  ±1	  binding	  the	  most	  common	  
α-­‐helical	  motif.	  Although	   the	  method	   is	   based	  on	   small	   number	  of	  molecules	   it	   provides	   a	   great	  
starting	   point	   for	   future	   fast	   free	   energy	   predictions.	   In	   this	   manner	   the	   free	   energy	   can	   be	  
obtained	  by	  couple	  of	  short	  SMD	  simulations	  (hundreds	  of	  picoseconds	  to	  nanoseconds)	  instead	  of	  
time	   consuming	   free	  energy	  methods	   (hundred	  of	  nanoseconds	   to	  microseconds).	  On	   the	   top	  of	  
this,	   the	   rupture	   force	   versus	   the	   applied	   spring	   constant	   correlations	   were	   shown	   for	   each	  
molecule.	  The	  type	  interactions	  involved	  in	  α-­‐helix	  –	  ligand	  complex	  together	  with	  thermodynamic	  
equilibrium	  has	  been	  also	  investigated	  and	  agreed	  well	  with	  existing	  experimental	  data.	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b) Elastic	  Properties	  of	  Skin	  -­‐	  The	  Coarse-­‐Grain	  Force	  Field	  
For	  the	  first	  time	  the	  coarse	  grain	  force	  field	  was	  developed	  for	  the	   interactions	  between	  keratin	  
bundles	   which	   are	   directly	   related	   to	   elastic	   properties	   of	   the	   outermost	   skin	   layer	   (stratum	  
corneum).	   The	   coarser	   representation	   involves	   the	  presence	  of	   the	   explicit	   solvent	  model	  within	  
tabulated	   potentials	   which	   significantly	   reduced	   the	   computational	   time.	   Based	   on	   the	   long	   full	  
atomistic	   simulation	   of	   83000	   atoms	   the	   coarse	   representation	   corresponded	   to	   60	   beads	   and	  
reproduced	   the	   polypeptide	   structural	   properties	   very	   well.	   Hence,	   much	   bigger	   systems	   with	  
longer	   time	   scales	   can	   be	   studied	   in	   the	   assessment	   of	   interactions	   between	   keratin	   filaments.	  
What	  is	  more,	  the	  secondary	  structure	  of	  the	  60	  residues	  synthesized	  surrogate	  was	  validated	  by	  Dr	  
Alfonso	  De	  Simone	  (Imperial	  College	  London)	  using	  circular	  dichroism.	  	  The	  agreement	  of	  a	  random	  
coil	   was	   gained	   between	   experiment	   and	   simulations.	   The	   coarse-­‐grain	   model	   was	   applied	   and	  
assessed	   the	   influence	   of	   the	   natural	   moisturizing	   factor	   components.	   Glycine	   was	   shown	   to	  
possess	   the	   greatest	   recovery	  on	   the	   grafted	   terminals	  which	   enables	   interactions	  with	  opposite	  
filaments	  (elasticity).	  That	  is	  with	  agreement	  to	  previous	  experimental	  studies	  by	  Jokura	  et	  al.22	  	  
	  
	  
8.2.	  Future	  perspectives	  
	  
The	  use	  of	  molecular	  dynamics	   simulations	  presented	   in	   this	   thesis	   enabled	  extracting	  detailed	   structural	  
behaviour	  as	  well	   as	   thermodynamic	  properties	  between	   the	  main	  protein	  of	  human	   skin	  and	  hair	   (keratin)	  
and	   small	  molecules	   used	   as	   additives	   in	   the	   personal	   care	   products.	   The	   industrial	   implementation	   of	  MD	  
described	   herein	   provides	   a	   faster,	   more	   detailed	   and	   cheaper	   insight	   into	   free	   energy	   predictions	   than	  
experimental	  methods.	  The	  developed	  coarse-­‐grain	  force	  field	  has	  application	  in	  predicting	  the	  concentration	  
of	  given	  molecules	  in	  skin	  care	  products.	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The	  future	  perspectives	  based	  on	  results	  gained	  within	  this	  thesis	  are	  as	  following:	  
	  
1. The	  developed	   free	  energy	  model	  based	  on	  pulling	   simulations	   via	   steered	  MD	  only	  may	  provide	  a	  
new	  methodology	  for	  precise	  and	  fast	  free	  energy	  calculations.	  However,	  the	  model	  requires	  testing	  
for	   larger	   number	   of	  molecules	   followed	   by	   experimental	  methods.	   This	   new	  method	  may	   be	   also	  
implemented	  in	  other	  systems	  i.e.	  for	  other	  biosubstrate	  interacting	  with	  ligands	  and	  e.g.	  applied	  in	  
toxicology	  measurements,	  proteins	  interacting	  with	  pharmaceuticals	  and	  protein-­‐protein	  interactions.	  
By	   gaining	   orders	   of	   magnitudes	   faster	   free	   energy	   predictions,	   this	   method	   may	   have	   a	   wide	  
implementation	   for	   the	   current	   achievable	   time	   scales	   by	  molecular	   dynamics	   and	  possibly	   replace	  
the	  experimental	  measurements.	  	  
	  
2. The	   built	   coarse-­‐grain	   force	   field	   with	   water	   included	   within	   tabulated	   potentials	   provides	   an	  
implementation	  for	  personal	  care	  products	  development.	  This	  work	  by	  combination	  of	  experimental	  
measurement	  (CD)	  and	  MD	  simulations	  leads	  to	  much	  faster	  calculations	  which	  are	  the	  main	  limiting	  
factor	   in	   all-­‐atom	   force	   fields.	   However,	   in	   order	   to	   further	   validate	   the	   force	   field	   the	   nuclear	  
magnetic	   resonance	   (NMR)	  method	  will	   be	   performed	   to	  measure	   the	  polypeptide	   diffusivity.	   That	  
property	   enables	   calculating	   the	   hydrodynamic	   radius,	   thus	   the	   radius	   of	   gyration	   which	   can	   be	  
directly	   compared	   to	   all	   atom	   and	   coarse	   grain	   model.	   The	   applied	   force	   field	   for	   interactions	  
between	  keratin	  bundles	  has	  capability	  of	  assessing	  the	  influence	  of	  NMF	  and	  other	  small	  molecules	  
used	   in	   skin	   care	   products	  which	  will	   be	   conducted	   in	   the	   near	   future.	   Different	   concentrations	   of	  
NMF	  were	  assessed	  for	  the	  best	  elasticity	  between	  IFs.	  However,	  those	  calculations	  were	  performed	  
with	   the	  position	   restraints	   dynamics	   for	   the	   keratin	   IF.	  Hence,	   the	   free	  energy	   calculations	  will	   be	  
performed	   to	   assess	   the	   equilibrium	   distance	   between	   keratin	   bundles	   in	   order	   to	   match	   the	  
experimental	   value	   of	   8.2	   nm.	   These	   calculations	   will	   enable	   personal	   care	   industry	   to	   develop	  
products	  with	  the	  optimum	  concentration	  of	  given	  type	  of	  molecules.	  In	  addition,	  the	  methodology	  of	  
including	  the	  water	  within	  tabulated	  potentials	  in	  coarse	  grained	  force	  fields	  can	  be	  applied	  in	  many	  
biological	  systems	  enabling	  studying	  big	  systems	  with	  much	  faster	  performance.	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APPENDIX	  I	  
	  
Molecular	   and	   Thermodynamic	   Basis	   for	   EGCG-­‐
Keratin	  Interaction	  –	  Experimental	  Studies	  
	  
Experiments	   conducted	   by	   Dr	   Yanyan	   Zhao	   (China	   Agricultural	   University,	   Beijing	   100083,	   P.	   R.	   China).	  
Those	   results	   constitute	   part	   of	   the	   publication:	   Zhao	   Y,	   Marzinek	   JK,	   Chen	   L,	   Han	   L,	   Mantalaris,	   A	  
Pistikopoulos	  EN,	  Lian	  G,	  Bond,	  PJ,	  Noro	  MG.	  (2013),	  Molecular	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AI.1.	  Introduction	  
	  
The	  following	  experimental	  results	  constitute	  the	  main	  subject	  of	  validation	  by	  molecular	  dynamics	  study	  
described	  in	  Chapter	  IV.	  In	  this	  chapter,	  ultrafiltration,	  high	  performance	  liquid	  chromatography	  (HPLC)	  and	  
isothermal	   titration	   calorimetry	   (ITC)	   methods	   are	   used	   to	   investigate	   the	   binding	   of	   EGCG	   to	   keratin	  
extracted	   from	   sheep	  wool.	   The	   ultrafiltration	  method	   has	   been	   applied	   to	   quantify	   the	   thermodynamic	  
equilibrium	   of	   EGCG	   binding	   to	   keratin,	   and	   the	   associated	   thermodynamic	   properties	   have	   been	  
investigated	   by	   ITC	   method.	   The	   binding	   free	   energy	   determined	   from	   the	   ITC	   measurement	   agrees	  
favourably	  with	  the	  predicted	  value	  from	  MD	  simulations	  reported	  in	  Chapter	  IV.	  	  
	  
AI.2.	  Methodology	  
AI.2.1.	  Material	  Preparation	  
	  
EGCG	   was	   provided	   by	   J&K	   Scientific	   with	   a	   purity	   of	   98%.	   A	   keratin	   sample	   was	   obtained	   from	  
Professor	  Jian	  Lu’s	  group	  at	  Manchester	  University.	  The	  provided	  keratin	  solution	  (K1S)	  is	  a	  mixture	  of	  two	  
main	  components	  of	  which	  the	  average	  molecular	  weight	  is	  50kDa.	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The	   samples	   were	   lyophilized	   and	   stored	   at	   -­‐18°C	   in	   sealed	   bottles	   until	   use.	   The	   keratin	   solution	  
(0.0040mM)	  was	  prepared	  by	  dissolving	  5mg	  lyophilized	  keratin	  powder	  into	  25mL	  10mM	  pH	  6.0	  PBS	  buffer.	  
Different	  concentrations	  of	  EGCG	  solution	  were	  prepared	  by	  dissolving	  EGCG	  powder	  into	  10mM	  pH	  6.0	  PBS	  
buffer	  and	  diluting	  to	  lower	  concentrations.	  
	  
AI.2.2.	  Ultrafiltration	  
	  
Aliquots	   (2mL)	   of	   the	   keratin	   solution	   (0.0040mM)	  were	  mixed	  with	   EGCG	   solution	   (2mL)	   at	   different	  
concentrations	  at	  298	  K	  and	  incubated	  for	  20min.	  After	  incubation,	  each	  mixture	  (4mL)	  was	  placed	  into	  an	  
Amicon	  Ultra-­‐4	  centrifugal	  filter	  unit,	  of	  3kDa	  cut-­‐off	  (Millipore,	  Beijing,	  China.),	  and	  centrifuged	  at	  4,000g.	  
Control	  experiments	  were	  carried	  out	  using	  Aliquots	   (2mL)	  of	  Ultra-­‐pure	  water	  mixed	  with	  EGCG	  solution	  
(2mL)	   at	   different	   concentrations.	   The	   amount	   of	   bound	   EGCG	   was	   calculated	   from	   the	   concentration	  
difference	  between	  the	  control	  samples	  and	  the	  filtrate	  of	  the	  test	  samples	  using	  the	  HPLC	  method.	  
Chromatographic	  analysis	  was	  performed	  on	  a	  Hitachi	  HPLC	  system	  equipped	  with	  a	  UV/vis	  Detector	  (at	  
280nm	  wavelength).	  The	  separation	  was	  performed	  on	  a	  Shim-­‐pack	  VP-­‐ODS	  (250×4.6mm	  ID,	  5	  µm)	  using	  
an	  aqueous	  Glacial	  acetic	  acid:	  (1%	  in	  water;	  solvent	  A):	  acetonitrile	  (solvent	  B)	  =20:80	  at	  a	  flow	  rate	  of	  0.8	  
mL	  min-­‐1.	  	  
	  
AI.2.3.	  Isothermal	  Titration	  Calorimetry	  
	  
For	  ITC	  measurements,	  keratin	  solution	  (0.0040	  mM)	  was	  prepared	  by	  dissolving	  keratin	  in	  10mM	  PBS	  
buffer	  at	  pH	  6.0.	  EGCG	  solution	  (0.3027mM)	  was	  then	  dissolved	  in	  the	  same	  buffer	  used	  for	  keratin	  solution.	  
An	  ITC200	  titration	  microcalorimeter	  (MicroCal,	  Inc.,	  Beijing,	  China)	  was	  used	  at	  298	  K.	  The	  duration	  of	  each	  
injection	  was	  5s,	  and	  the	  time	  interval	  between	  injections	  was	  180s.	  The	  solution	  in	  the	  cell	  was	  stirred	  at	  
500	   rpm	   by	   the	   syringe	   to	   ensure	   thorough	   mixing.	   Control	   experiments	   were	   also	   carried	   out	   for	   the	  
titration	   of	   EGCG	   solution	   into	   buffer	   and	   buffer	   into	   the	   keratin	   solution.	   The	   heat	   of	   the	   control	  
experiments	  was	   subtracted	   from	   the	   titration	   experiment	   of	   EGCG	   and	   keratin	   titration,	   to	   remove	   the	  
effects	  of	  association	  and	  dilution.	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AI.3.	  Results	  
AI.3.1.	  HPLC	  for	  EGCG	  
	  
A	  typical	  chromatogram	  obtained	  in	  analysis	  of	  the	  EGCG	  by	  HPLC	  is	  shown	  in	  Figure	  AI.1.	  Figure	  AI.2	  
shows	  the	  standard	  curve	  used	  in	  determining	  the	  amount	  of	  EGCG	  by	  HPLC.	  
	  
	  
Figure	  AI.1.	  HPLC	  chromatogram	  obtained	  for	  EGCG	  (30mg/mL).	  
	  
	  
Figure	  AI.2.	  Standard	  curve	  used	  to	  determine	  the	  concentration	  of	  EGCG	  by	  HPLC.	  
	  
AI.3.2.	  EGCG-­‐keratin	  binding	  assay	  
	  
As	   shown	   in	   Figure	   AI.3,	   the	   shape	   of	   the	   absorption	   equilibrium	   curve	   of	   EGCG	   and	   keratin	   binding	  
implies	  multilayer	  binding	  equilibrium.	  The	  BET	  isotherm	  model	  developed	  by	  Brunauer	  et	  al.	  [Brauner	  et	  al.	  
J.	   Am.	   Chem	   Soc.	   1938;	   60:309-­‐319]	   is	   usually	   used	   to	   describe	  multilayer	   adsorption.	   However,	   the	   BET	  
equation	  was	  developed	  to	  describe	  gas	  adsorption	  as	  a	  function	  of	  partial	  pressure.	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For	  molecular	  adsorption	  from	  a	  liquid	  system,	  the	  GAB	  equation,	  or	  the	  modified	  BET	  equation	  is	  used	  
to	  fit	  the	  data	  [Ebadi	  et	  al.	  Adsorption.	  2009;15:65-­‐73]:	  
	  
)1)(1( eqseqLeqL
eqS
m CKCKCK
CK
qq
+−−
= 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (AI.1)	  
	  
,	  where	  q	  is	  the	  amount	  of	  ligand	  bound	  per	  mole	  of	  protein	  (mol	  mol-­‐1);	  Ceq	  is	  the	  free	  ligand	  concentration	  
(M);	  qm	   is	  the	  amount	  of	  monolayer	  binding	  of	   ligand	  per	  mole	  of	  protein	  (mol	  mol
-­‐1);	  Ks	   is	  the	  monolayer	  
binding	  constant	  (M-­‐1);	  and	  KL	  is	  the	  multilayer	  binding	  constant	  (M
-­‐1).	  	  
	  
Figure	  AI.3.	  EGCG-­‐keratin	  isotherm	  measured	  by	  ultrafiltration.	  Data	  is	  best	  fitted	  by	  GAB	  equation.	  
Table	  AI.1.	  Fitted	  isotherm	  parameters	  of	  EGCG-­‐keratin	  binding	  by	  ultrafiltration.	   	  
Parameters	   GAB	  fitting	   95%	  confidence	  bounds	  
Ks	  (M
-­‐1)	   4.62E+04	   (3.46e+04,	  1.27e+05)	  
KL	  (M
-­‐1)	   3770	   (3548,	  3991)	  
qm	  (mol/mol)	   3.70	   (1.11,	  4.88)	  
R2	   0.9920	   -­‐	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The	  best	  fitted	  values	  of	  the	  GAB	  absorption	  parameters	  are	  listed	  in	  Table	  AI.1.	  When	  the	  GAB	  equation	  
is	  used	  to	  describe	  the	  binding	  of	  two	  molecules	  in	  a	  liquid	  system,	  e.g.	  liquid	  phase	  adsorption	  [Ebadi	  et	  al.	  
Adsorption.	   2009;15:65-­‐73]	   or	   protein	   binding	   [Poncet-­‐Legrand	   et	   al.	   J.	   Agric.	   Food	   Chem.	   2007;55:9235-­‐
9240],	   the	  binding	  constant	   is	  often	  quoted	  as	   in	  units	  of	  M-­‐1.	  However,	   for	  solid	  phase	  adsorption	  where	  
the	   solid	   phase	   is	   fixed,	   a	   dimensionless	   binding	   coefficient	   (or	   distribution	   coefficient)	   is	   often	   quoted	  
[Yadav	  et	  al.	  Chem.	  Eng.	  Sc.	  2009;64:1480-­‐1487].	  	  
From	   the	   binding	   constant	   of	   Table	   AI.1,	   the	   binding	   coefficient	   of	   EGCG	   to	  wool	   keratin	   can	   be	   also	  
estimated	  as:	  	  
atin
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Where	  MWKeratin	  is	  the	  molecular	  weight	  of	  wool	  keratin	  and	   wρ 	  is	  the	  specific	  density	  of	  water.	  
By	   considering	   the	  molecular	  weight	   of	   keratin	   as	   50	   kDa,	   the	   derived	  binding	   coefficient	   of	   EGCG	   to	  
keratin	  is	  3.53.	  	  
	  
AI.3.3.	  ITC	  measurement	  
	  
ITC	  data	  of	  EGCG-­‐keratin	  binding	  are	  plotted	  as	  a	  graph	  of	  heat	   flux	  against	   time.	  The	  peak-­‐by-­‐peak	  
values	  are	   integrated	  and	  normalized	  to	  obtain	  the	  enthalpy	  change	  per	  mole	  of	   injectant	  (ΔH,	  kcal	  mol-­‐1)	  
against	  the	  molar	  ratio	  (EGCG/keratin).	  	  
Figure	   AI.4	   shows	   the	   results	   of	   titration	   of	   EGCG	   (0.3027mM,	   at	   pH	   6.0,	   298	   K)	   into	   keratin	  
(0.0040mM,	  at	  pH	  6.0,	  298	  K).	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Figure	  AI.4.	  Titration	  of	  EGCG	  (0.3027mM)	  to	  keratin	  (0.0040mM)	  observed	  by	  ITC.	  
	  
With	  multi-­‐layer	  binding,	  the	  measured	  change	  of	  enthalpy	  should	  be	  resolved	  into	  two	  components,	  
one	  associated	  with	  the	  mono-­‐layer	  binding	  and	  the	  other	  associated	  with	  consecutive	  multi-­‐layer	  binding.	  
Assuming	  GAB	  equilibrium	  of	  binding,	  it	  can	  be	  derived	  that	  the	  data	  presented	  in	  Figure	  AI.4	  can	  be	  fitted	  
according	  to	  the	  following	  equation	  for	  the	  total	  heat	  for	  EGCG	  and	  keratin	  binding:	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Where	  Mt	   is	   the	   concentration	   of	   keratin	   in	   the	   cell;	   ∆H1	   and	   ∆H2	   are	   the	   molar	   heat	   of	   EGCG-­‐keratin	  
interaction	   of	   the	   first	   and	   consecutive	   layer	   respectively;	   0V 	   is	   the	   cell	   volume	   (200	   µL);	   and	  Ceq	   is	   the	  
concentration	   of	   free	   (unbound)	   EGCG,	   which	   is	   calculated	   from	   the	   total	   EGCG	   concentration	   and	   the	  
bound	  EGCG	  concentration	  in	  the	  cell	  as	  follows:	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The	  measured	  enthalpy	  change	  of	  each	  injectant	  is:	  
	  
)/())
2
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Where	  Cegcg	  is	  the	  concentration	  of	  EGCG	  in	  the	  syringe,	  0.3027mM;	  and	  dvi	  is	  the	  volume	  of	  the	  i
th	  injection.	  
In	  equations	  AI.4	  –	  AI.6,	  qm,	  Ks,	  KL,	  ∆H1	  and	  ∆H2	  are	  unknown	  parameters.	  The	  values	  of	  qm,	  Ks	  and	  KL	  have	  
been	  obtained	  from	  the	  ultrafiltration	  experiments.	  To	  prevent-­‐over	  fitting,	  95%	  confidence	  bounds	  of	  qm,	  
KS	  and	  KL	  are	  used	  as	  boundaries.	  Hence,	  we	  attained	  the	  values	  of	  qm,	  Ks,	  KL,	  ∆H1	  and	  ∆H2,	  as	  listed	  in	  Table	  
AI.2.	  The	  free	  energy	  of	  the	  first	  layer	  ∆G	  is	  related	  to	  the	  equilibrium	  constant	  by	  the	  following	  relationship:	  
	  
SKRTG ln−=Δ 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (AI.7)	  
	  
Where	  R	  is	  the	  universal	  gas	  constant	  (8.314	  J	  mol-­‐1	  K-­‐1);	  and	  T	  is	  the	  temperature	  (K).	  Using	  equation	  (AI.7),	  
the	  free	  energy	  corresponding	  to	  the	  equilibrium	  constant	  of	  the	  first	  layer	  binding	  is	  determined	  to	  be	  ∆G	  =	  
-­‐6.37	  kcal	  mol-­‐1,	  which	  validates	  the	  value	  predicted	  by	  molecular	  dynamics	  simulations	  reported	  in	  Chapter	  
IV	  (∆G	  =	  -­‐6.20	  kcal	  mol
-­‐1).	  The	  binding	  constant	  of	  the	  consecutive	  layer	  is	  an	  order	  of	  magnitude	  lower	  than	  
that	  of	  the	  first	  layer	  and	  the	  corresponding	  binding	  free	  energy	  ∆G=	  -­‐4.90	  kcal	  mol-­‐1.	  For	  both	  the	  first	  and	  
consecutive	   multi-­‐layer,	   the	   ITC	   data	   showed	   ∆H<0	   and	   ∆S>0.	   This	   suggests	   EGCG	   binding	   to	   keratin	   is	  
governed	  by	  both	  hydrophobic	  interactions	  and	  hydrogen	  bonding	  which	  is	  consistent	  with	  the	  results	  from	  
MD	  simulations.	  The	  enthalpy	  contributed	  to	  the	  majority	  of	  ∆G,	  indicating	  the	  binding	  process	  is	  enthalpy	  
driven.	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Table	  AI.2.	  Thermodynamic	  parameters	  of	  EGCG	  binding	  to	  keratin	  at	  298	  K.	  Data	  obtained	  by	  fitting	  to	  ITC	  
data	  using	  GAB	  binding	  isotherm.	  
Temperature	  
(K)	  
mq 	  
(mol/mol)	  
SK 	  
(M-­‐1)	  
LK 	  
(M-­‐1)	  
1HΔ 	  
(kcal/mol)	  
2HΔ 	  
(kcal/mol)	  
1GΔ 	  
(kcal/mol)	  
2GΔ 	  
(kcal/mol)	  
1SΔ 	  
(kcal/mol/K)	  
2SΔ 	  
(kcal/mol/K)	  
R2	  
	  
298	   3.056	   46759	   3917	   -­‐4.81	   -­‐3.38	   -­‐6.37	   -­‐4.90	   0.0052	   0.0051	   0.9660	  
	  
	  
AI.4.	  Conclusion	  	  
	  
	  	  	  The	   equilibrium	   and	   thermodynamic	   properties	   of	   EGCG	   binding	   to	   keratin	   has	   been	   measured	   by	  
ultrafiltration	  and	  ITC.	  The	  equilibrium	  data	  is	  best	  fitted	  by	  the	  GAB	  isotherm,	  suggesting	  multilayer	  EGCG	  
binding	  to	  keratin	  rather	  than	  simple	  monolayer	  binding.	  The	  thermodynamic	  properties	  of	  EGCG	  binding	  to	  
keratin	  have	  been	  characterized	  by	  ITC.	  The	  free	  energies	  calculated	  from	  both	  ultrafiltration	  and	  ITC	  are	  in	  
good	  agreement	  with	  the	  result	  of	  molecular	  dynamic	  simulations	  reported	  in	  Chapter	  IV.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
184 
 
APPENDIX	  II	  
	  
Fe	   2+	   -­‐	   Wool	   Keratin	   α-­‐Helix	   Complex	   Studies	   via	  
Isothermal	  Titration	  Calorimetry	  
	  
Experiments	  conducted	  by	  Dr	  Yanyan	  Zhao	  (China	  Agricultural	  University,	  Beijing	  100083,	  P.	  R.	  China).	  The	  
work	  constitutes	  the	  experimental	  part	  of	  the	  publication:	  	  
Zhao	  Y,	  Marzinek	   JK,	  Bond	  PJ,	  Chen	  L,	  Qing	  Li,	  Mantalaris	  A,	  Pistikopoulos	  EN,	  Noro	  MG,	  Han	  L,	   Lian	  G.	  A	  
Study	   on	   Ferrous	   Ion	   Binding	   to	   Keratin	   Using	   Isothermal	   Titration	   Calorimetry	   and	   Molecular	   Dynamics	  
Simulation.	  Journal	  of	  Pharmaceutical	  Sciences,	  2014.	  DOI	  10.1002/jps.23895.	  
	  
AII.1.	  Introduction	  
	  
Isothermal	   titration	   calorimetry	   (ITC)	   has	   been	   applied	   in	   this	   study	   to	   investigate	   thermodynamic	  
properties	  of	  the	  wool	  keratin	  with	  ferrous	  ion.	  Results	  presented	  in	  this	  appendix	  show	  that	  the	  interaction	  
between	   Fe2+	   and	  wool	   keratin	   are	   entropically	   driven	   and	   the	   increase	  of	   the	   temperature	   facilitate	   the	  
binding	  process	  by	  the	  increase	  of	  the	  entropic	  contribution.	  The	  ITC	  data	  was	  best	  fitted	  by	  the	  one	  set	  of	  
identical	  binding	  sites	  stating	  that	  only	  one	  type	  of	  the	  binding	  site	  is	  present.	  
	  
AII.2.	  Methodology	  	  
	  	  	  	  	  	  	  	  	  AII.2.1.	  Materials	  
	  
The	   bioavailability	   of	   compounds	   involving	   iron	   is	   determined	   by	   their	   solubility.	   Ferrous	   gluconate	   is	  
known	  to	  have	  increased	  solubility	  hence	  used	  in	  this	  study.	  Ferrous	  gluconate	  dihydrate	  was	  obtained	  from	  
J&K	  science,	  Beijing,	  China.	  The	  purity	  was	  98%.	  Keratin	  samples	  were	  separated	  from	  sheep	  wool	  fibres	  and	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kindly	  provided	  by	  Professor	  Jian	  Lu’s	  group	  at	  Manchester	  University,	  UK.	  	  
The	  keratin	  in	  water	  solution	  was	  a	  mixture	  of	  two	  main	  components	  with	  molecular	  weights	  of	  about	  46	  
kDa	   and	   65	   kDa.	   For	   the	   analysis	   of	   ITC	   data,	   a	  molecular	  weight	   (MW)	   of	   50	   kDa	  was	   suggested	   by	   the	  
provider.	  Water	  used	  was	  tap	  water	  filtered	  with	  a	  Milli-­‐Q	  system	  (Millipore,	  Beijing,	  China).	  	  
	  
	  	  	  	  	  	  	  	  AII.2.2.	  Sample	  Preparation	  
	  
	  	  	  Keratin	  samples	  were	  dissolved	  in	  water	  and	  the	  pH	  was	  measured	  to	  be	  at	  6.08.	  The	  concentration	  of	  
keratin	   solution	  was	   0.5	  mg/mL.	   By	   taking	   a	  MW	   of	   the	   keratin	   sample	   at	   50	   kDa,	   the	   concentration	   of	  
keratin	   was	   1.0×10-­‐5	   M.	   Ferrous	   gluconate	   solution	   (6.0×10-­‐4	   M)	   was	   prepared	   by	   dissolving	   ferrous	  
gluconate	  dihydrate	  powder	   into	  pure	  water	  and	   the	  pH	  was	  measured	   to	  be	  4.5.	   Ferrous	  gluconate	  was	  
regarded	  as	  completely	  dissociated	  at	  pH	  4.5.	  	  
	  
	  	  	  	  	  	  	  	  AII.2.3.	  ITC	  Measurements	  
	  
A	  nanoisothermal	  titration	  calorimeter	  (Nano-­‐ITC	  low	  volume	  TA)	  was	  used.	  The	  solution	  of	  keratin	  was	  
placed	   in	  a	  190	  μL	   sample	  cell	   and	   ferrous	  gluconate	   solution	  was	   loaded	   into	   the	   injection	   syringe.	  Both	  
keratin	  and	  ferrous	  gluconate	  were	  degassed.	  The	  titration	  schedule	  included	  addition	  of	  2	  µL	  per	  injection	  
of	   titrant	  with	  25	   injections.	  Each	   injection	   time	  was	  5	   s	  with	  300	  s	   intervals.	  The	  solution	   in	   the	  cell	  was	  
mixed	   at	   300	   rpm	   by	   the	   syringe.	   Control	   experiments	   were	   also	   performed	   for	   the	   titration	   of	   ferrous	  
gluconate	  solution	  into	  water.	  In	  order	  to	  remove	  the	  dilution	  and	  hydrolysis	  effect,	  the	  heat	  of	  the	  control	  
experiments	  was	  subtracted	  from	  the	  titration	  experiment.	  Titrations	  of	   ferrous	  gluconate	  to	  keratin	  have	  
been	  carried	  out	  at	  25,	  35	  and	  45	  °C.	  Data	  analysis	  of	  ITC	  mesurements	  was	  conducted	  using	  Nano	  Analyze	  
software	   provided	   by	   TA	   Instruments,	   including	   baseline-­‐adjusted	   experimental	   titration	   data,	   peak-­‐
integrated	  background-­‐subtracted	  and	  proper	  binding	  model	  fitting.	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AII.3.	  Results	  	  
	  	  	  	  	  	  	  	  	  	  AII.3.1.	  ITC	  Studies	  on	  Fe2+	  Binding	  
	  
The	  ITC	  results	  of	  ferrous	  gluconate	  titration	  at	  25°C	  are	  shown	  in	  Figure	  AII.1	  as	  a	  plot	  of	  heat	  flux	  against	  
time	  on	  the	  top,	  and	  on	  the	  bottom	  as	  peak-­‐integrated,	  background-­‐subtracted,	  concentration-­‐normalized	  
molar	  heat	  flow	  per	  aliquot	  versus	  injection	  numbers.	  	  
	  
Figure	  AII.1.	   ITC	  measurement	  of	   ferrous	  gluconate	   (6.0x10-­‐4M,	   in	  pure	  water	  solution,	  25°C)	   titrated	   into	  
pure	  water.	  
	  
Figure	  AII.2.	   ITC	  measurement	  of	   ferrous	  gluconate	   (6.0x10-­‐4M,	   in	  pure	  water	   solution,	  25°C)	   into	  keratin	  
solution	   (1.0x10-­‐5M,	   in	   pure	  water	   solution,	   25°C).	   Squared	   points	   corresponds	   to	   the	   observed	   enthalpy	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changes	  of	  ferrous	  gluconate	  and	  keratin	  after	  subtracting	  the	  control	  experiment.	  
The	  control	  experiment	  for	  injection	  of	  ligands	  into	  buffer	  consisted	  of	  a	  series	  of	  equal	  heats	  of	  dilution.	  
Ferrous	  gluconate	  dissociated	  after	   titration	   into	  water	   solution,	   and	  was	  an	  endothermic	  process.	   Figure	  
AII.2	   shows	   the	   results	   of	   titration	   of	   ferrous	   gluconate	   (6.0×10-­‐4	  M,	   dissolved	   in	   pure	  water	   solution	   at	  
25°C)	   into	   keratin	   solution	   (1.0×10-­‐5	   M,	   in	   pure	   water	   solution,	   25°C).	   After	   subtracting	   the	   blank	  
experiment	   of	   ferrous	   gluconate	   titration	   into	   water,	   the	   interaction	   of	   ferrous	   gluconate	   with	   keratin	  
resulted	  as	  an	  exothermic	  process.	  
The	  one	  set	  of	  identical	  binding	  sites	  model	  is	  used	  to	  fit	  the	  ITC	  experimental	  data:	  
	  
]4)11(11[
2
20
tS
t
taStS
t
taStS
ttS
Mn
X
MKnMn
X
MKnMn
XHVMnQ −++−++Δ= 	   (AII.1)	  
))
2
)1()(()1()(( −−+−−=Δ iQiQ
V
dviQiQQ i
	   	   	   (AII.2)	  
	  
Here	   tM 	   is	   the	  overall	   concentration	  of	  keratin	   in	   the	  cell;	   tX 	   is	   the	  overall	   concentration	  of	   ferrous	  
gluconate	   in	  the	  cell;	  Q is	   the	  total	  heat	  change	  of	  each	   injection;	   0V is	   the	  cell	  volume	  (190 µ L);	   idv 	   is	  
the	   injection	   volume	   for	   the	   ith	   injection.	   The	   fitting	   parameters	   for	   the	   interaction	   between	   ferrous	  
gluconate	   and	   keratin,	   including	   enthalpy	   change	   (∆H),	   number	   of	   binding	   ferrous	   ion	   per	  mol	   of	   keratin	  
[mol/mol]	  	  	  
( Sn ),	  and	   the	  binding	  constant	   (Ka).	   Figure	  AII.3	   shows	   this	  model	   fitted	   the	  data	  well.	   It	  also	   shows	   that	  
increasing	   temperature	  resulted	   in	  an	   increase	  of	   the	  binding	   free	  energy.	  All	   the	   fitted	  parameters	   (n,	  Ka	  
and	  ∆H)	  and	  calculated	  free	  energy	  change	  (∆G)	  and	  entropy	  change	  (∆S)	  by	  euqation	  (AII.3)	  and	  (AII.4)	  are	  
shown	  in	  Table	  AII.1.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	   aKRTG ln−=Δ 	   	   	   	   	   (AII.3)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	  
T
GHS Δ−Δ=Δ 	   	   	   	   	   (AII.4)	  
	  
Standard	   errors	   of	   these	   parameters	  were	   estimated	  by	   the	   data	   fitting	   to	   equation	   (AII.1)	   and	   (AII.2).	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Table	  AII.1	  reveals	   that	  1	  mole	  keratin	  can	  bind	  approximately	  9	   (8.59 ±0.25)	  moles	  of	   ferrous	  gluconate.	  
The	  large	  positive	  entropy	  values	  obtained	  indicate	  that	  Fe2+	  binding	  to	  keratin	  is	  entropically	  driven.	  
	  
Figure	  AII.3.	  ITC	  measurement	  of	  ferrous	  gluconate	  (6.0x10-­‐4M,	  in	  pure	  water	  solution)	  into	  keratin	  solution	  
(1.0x10-­‐5M,	   in	   pure	   water	   solution)	   after	   subtracting	   the	   control	   experiment.	   The	   solid	   line	   is	   the	   fitted	  
enthalpy	  changes	  using	  a	  “one	  set	  of	  binding	  sites”	  model	  at	  25,	  35,	  and	  45°C.	  
	  
	  
Table	  AII.1.	  Thermodynamic	  parameters	  for	  ferrous	  gluconate	  binding	  to	  keratin	  at	  different	  temperatures	  
of	  25,	  35	  and	  45	  °C.	  Data	  obtained	  by	  fitting	  the	  isothermal	  titration	  calorimetry	  data	  to	  equation	  (AII.1)	  and	  
(AII.2).	   Results	   from	   molecular	   dynamics	   simulations	   (∆GMD)	   are	   also	   provided	   for	   comparison.	   Mean	  
absolute	  error	  (MAE)	  of	  the	  free	  energy	  between	  experiment	  and	  molecular	  simulations	  is	  below	  3.1%.	  
	  
Temperature(°C)	   nS	   ∆H[kcal/mol]	   T∆S[kcal/mol]	   Ka	   ∆G[kcal/mol]	  
25	   8.59±0.34	   -­‐0.86±0.05	   6.57±0.14	   2.81±!.!"×105	   -­‐7.43±0.19	  
35	   9.42±0.24	   -­‐1.05±0.04	   6.64±0.13	   2.85±!.!"×105	   -­‐7.69±0.17	  
45	   9.22±0.27	   -­‐1.12±0.05	   6.88±0.18	   3.17±0.99×105	   -­‐8.00±0.23	  
	  
	  
	  
AII.4.	  Conclusion	  
	  
In	  summary,	  the	  Fe2+	  and	  α-­‐helix	  rich	  keratin	  binding	  in	  water	  environment	  was	  studied	  by	  ITC	  experiment.	  
ITC	  experiments	  revealed	  that	  the	  interaction	  is	  exothermic	  and	  1	  mole	  of	  keratin	  can	  bind	  9	  moles	  of	  ferrous	  
gluconate.	  Higher	   temperatures	   facilitated	  the	  binding	  process	  which	   is	  entropy	  driven.	  Experimental	   results	  
were	  validated	  by	  molecular	  dynamics	  simulations	  in	  Chapter	  V	  and	  excellent	  agreement	  was	  reached.	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APPENDIX	  III	  
	  
Coarse-­‐Grained	  Force	  Field	  Development	  and	  
Application	  for	  Stratum	  Corneum	  Keratins	  –	  
Experimental	  Validation	  
	  
Experiment	   conducted	   by	   Dr	   Alfonso	   De	   Simone	   (Faculty	   of	   Natural	   Sciences,	   Department	   of	   Life	   Sciences,	  
South	   Kensington	   Campus,	   SW1	   2AZ,	   London,	   United	   Kingdom)	   at	   the	   University	   of	   Cambridge	   (Chemistry	  
Department,	  Lensfield	  Road,	  CB	  1EW,	  Cambridge,	  United	  Kingdom).	  
	  
AIII.1.	  Introduction	  
	  
The	   purpose	   of	   the	   experimental	   validation	   is	   to	   assess	   the	   secondary	   structure	   of	   the	   approximated	  
surrogate	  terminal	   (60	  residues).	  For	   this	  purpose	  circular	  dichroism	  (CD)	  was	  employed.	   In	   this	  chapter	   it	   is	  
approached	   to	   confirm	  and	   validate	   full	   atomistic	   as	  well	   coarse-­‐grain	  model	   from	  Chapter	  VI	  which	   clearly	  
showed	  the	  unstructured	  terminal.	  
	  
AIII.2.	  Materials	  and	  Methods	  
	  
The	   keratin	   sample	   was	   synthesized	   by	   Life	   Technologies	   company	   with	   96%	   purity	   measured	   by	   high	  
performance	   liquid	  chromatography	  (HPLC).	  The	  amount	  provided	  corresponded	  to	  10	  mg.	  The	  solution	  was	  
prepared	  by	  dissolving	  2.2	  mg	  in	  a	  50	  mM	  sodium	  acetate	  buffer.	  The	  pH	  of	  the	  solution	  was	  measured	  to	  be	  
4.5	   (adjusted	   to	   the	   skin	   pH	   of	   4.3-­‐5.5).	   CD	  machine	   (Jasco	   J-­‐810)	  was	   used	   for	  measurements	  which	  were	  
conducted	  at	  300K	  according	  to	  the	  simulations.	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AIII.3.	  Results	  -­‐	  Circular	  Dichroism	  
	  
The	  result	  from	  CD	  is	  a	  multiple	  acquisition	  of	  10	  spectra	  and	  is	  presented	  in	  Figure	  AIII.1.	  At	  this	  wavelength	  
(200-­‐250	  nm)	  the	  secondary	  structure	  can	  be	  assessed.	  The	  spectra	  shows	  typical	  graph	  for	  the	  random	  coil.	  
	  
	  
Figure	  AIII.1.	  Circular	  dichroism	  spectra	  obtained	  using	  10	  acquisitions.	  The	  shape	  of	  the	  curve	  is	  typical	  for	  a	  
random	  coil	  state	  and	  excludes	  the	  presence	  of	  secondary	  structure.	  	  
	  
